DETERMINATION OF STABILITY CONSTANTS OF Eu’+ 
ION WITH AMINO ACIDS BY SPECTROPHOTOMETRIC 
TITRATION AND THE HYPERSENSITIVE TRANSITION 
INTENSITIES IN THESE COMPLEXES 


A Thesis Submitted 
In Partial Fulfilment of the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 



by 

SHASHI JAIN 


t» iki 

DEPARTMENT OF PHYSICS 

INDIAN INSTITUTE OF TECHNOLOGY, KANPUR 

APRIL, 1983 





Sl)Cl9fi< 



PH '1 - 0 Der 



CERTIglCiilE 


Certified that the work presented in this 
thesis is the original work of Shashi Jain carried 
out under our supervision. 

This work has not been submitted elsewhere 
for a degree. 


R.C, Srivastal 
Professor 

Department of Physics 
I.I.T., Eanpur. 









P , Gupta Bhaya 
Assistant professor 
Department of Chomistry 
I.i.T., Kanpur. 




PO-Sl' gkadua te office 

This thc'vis ri.iji b<?en approvesj 
for the 'Ward of the Oirgree of 
Doctor <d' Fhj'osopsry (Ph.D.) 
in iUTv/ruance with she 
rcgulatifwis oi the Indian 
Insiicuic orTcchnolo^y anpur 
Dated: 


dL.V\ 


ACEITOVILSD G-EI'fflNI S 


I express my deep indebtedness to my supervisors 
Dr. R.C. Srivasts-va of tlie Department of Ph^T-sics and 
Dr, P, Gupta Bbaya of the Department of Chemistry, I.I.f,, 
Eanpur for their affectionate guidance throughout the course 
of this xTork, 

I would like to thank Dr. G.K, Lai, Dr, Y.R. Wagfunare, 
Dr,(Mrs.) P. Sharma for inspiration and for providing me a 
sense of direction, Dr, H, Satyamurthi and Shri T, Joseph 
for the CURVBPIT programme. Dr, P, Gans of Sheffield University 
for sending instructions regarding MIDI QUAD pr.ogramme Li’. U.C, 

A;'.,ar»’al&and 7 S. Chandrasekhar an for advice. Dr. li.D. 

Bist, Dr. V.N. Sarin, Dr, S.C. Son for making the key to the 
Cary 17D room c.vailablo a,t odd hours, Shri R.Z. Jain for his 
affectionate under stranding and able assistance regarding 
Cary 17D Spectrometer uso, Sliri V. Mc,nuja. for ably maintaining 
Ca.ry 17D , Shri R.M. Jha and Shri Imran iUim for repairs of 
Gn,ry 17D at crucial moments, Shii Yishai Saxena for helping 
out at difficult moments with help in v.arious matters including 
Cary 17D, Shri Joginder Singh for, among other things, keeping 
the balancG in good sha,pe, Sliri Amrit Lai Gupta, and Shri D.R. 
Ifekkan for kooping the- lab going, Shri Paniia, Lai and 
Shi'i ii.k , Gupta, for heip in many wa,ys, Shri Y. Kamalakara Rao 
for help in propa,ra.tion of the thesis at the lent moment, 

Shri Ashok Srivastava for advice on the computer programme. 



Siiri J.P, Gupta for efficient typing and Shri H.Z. Panda 
for able cyclostyling. 


last but not least, I thanik my parents, parents-in- 
law a^aa mj' iiusband, ^^il, f or tlieir encoura.gament . My 
children bore my long absence from heme with patient under- 
standing. 


SHASHI JAIN 



LIST OF TABLES MD FIGURES 
SYEOFSIS 


CHAPTER 1 
CHAPTER 2 
CHAPTER 3 
CHAPTER 4 
CHAPTER 5 


INTRODUCTION 

METAL-MDRSXIDE EQUILIBRIA 
METAL LIGAND EQUILIBRIUM 
HIPBRSENSITIVS TRAILS IIIONS 
CONCLUSIONS and FUTURE PROJECTION 
APPENDIX A 


Vi 

ix 


1 

63 

108 

168 

213 


ill 


i*PPENDIX B 


B1 




LIST 

OE TABLES IdW EIG'HRES 

Pa^e 



Ghapt er 2 


TaMe I s 

(i) 

pH 5.0, 15°C 

91 

Diss ociation 

(ii) 

pH 5.0, 25°C 

92 ■ 

constant of 
Eu-murexide 

(iii) 

■pH 5.0, 35^0 

93 

complex at 

(iv) 

pll 6.5, 15°C 

94 


(v) 

pH 6.5, 25*^0 

95 


( Vi) 

pH 6.5, 35*^0 

96 

T'able II 

Measurement of A e at different 



pH and 

t emp erature 



( i ) pH 

6.5,15°C (ii) pH 6.5,25°C 

97 


( iii) 

pH 6.5,35°C i.iv) pH 5.C,15°G 

98 


(v) pH 

5.C,15'^'’g (vi) pH 5.0,35^0 

99 i 

Table III s 

Extinction coefficient of murexide 

100 : 

Table IT' s 




Effective 

(i) 

pH 6.5, 15 °C 

101 i 

stability cons- 
tants for 

TES Equilibrium 

(ii) 

pH 6.5, 25 ""C 

pH 6.5, 35®C 

102 

at 

(iii) 

103 

Table V s 




Effective 

(i) 

pH 5.0, 15 °C 

104 1 

stability com- 
tant for Eu^^- 

(ii) 

pH 5.0, 25^0 

105 

Acetate Equili- 
brium at 

(iii) 

pH 5.0, 35°G 

106 



Page 


Table I 


Table II 


Table III 


Table IV 


Chapter 5 

The values of stability constant of 
4 " 

Eu -Aspargine comple:: at different 

pH and temper at me values l6l 

The values of stability constant of 
+ 3 

Bu -Glutamine complex at different 

pli and temperature values 162 

The values of stability constant of 
+ 3 

Eu -Aspartic Acid complex at different 

pH and temperature values 163 

The values of stability constant of 
+ 3 

Bu -Glutamic Acid complex at aifferent 

pH and temperature values 164 


Table V 


Total conccn-'ration of EuCl^(M^) and 
Amino Acid (Err.) used in titration 


exv erimerrcs 


165 


Table I 


Table II 


Chapter 4 

Results of line shape analysis of the 
6 7 

Dn E hyper sensitive' absorption 

band of Eu(aquo) ion and of Amino 
Acid complex of Eu^"^ 

Molar oscillator strength of 
[Eu( aquo) ] ^ ion at different values 


202 


of temperature 


205 



Table III 


* Page 

Molar Enhanceroent of oscillator 
b 7 

strength of transition 

in Eu -Amino Acid coraplexos 206; 

■ LIST OP FIGURES 

EIGUE.B 1 ; Hypersensitive absorption spectra of 

Eu"^ (aquo) ion in 0 . 296M EnCl^ solu- 
tion (pH-3 -00) at three different 
temperatures. Shift of the peaks 

demonstrated, 2091 

* 

FIGUHE 2 % Hypersensitive absorption spectra of | 

3+ 3+ ^ 

Bu ion in a Eu -Aspartic Acid ; 

3 + ' 

complex (Eu concentration=0,0667M, i 

Aspartic Acid concentration=0 .0345M , i 

pH=5»0, Temperature=25°C , Ionic 
streng"bh=<,'> .100 ) , Demonstration of re- 
producibility for relatively more 
intense absorption spectra. 210 

FIGURE 3 s Hypersensitive absorption spoctra of 

3+ 3+ 

Eu ion in a Bu -Glutamic Acid complex 
(Bu^"^ concentration=0,0074M, Glutamic 
Acid concentration=0.025M, ph=5.5s Tem- 
perature=25°C j Ionic strength=0 .100) . 
Demonstration of reproducibility for 
relatively less intense absorption 
spectra. 211 


SHTOPSIS 


DETERI4INAII0E OF STABILITY COBSTAHTS OF Eu^ ION ¥ITH AMIBO 
ACIDS BY SPECTROPHOTO METRIC TITRATIOB ABD TEE HYPERSEBSITIVE 
TRABSITIOB IBTEBSITIES IB THESE COMPLEXES 
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The first part of the thesis describes the details 

of a spectrophot ometric technique for the determination of 

the stability constants of association equilibria of amino 
5+ 

acids and Eu ion. The concentration of free metal ion in 
the presence of a definite concentration of metal and ligand 
is determined by measuring spectrophot ometrically the dis- 
placement of a metal-dye (in particular murexide) equilibrium 
by ligand binding to metal. The displacement occurs because 
the metal-ligand equilibrium is coupled to the metal-dye 
equilibrium. The titration data i.e. the concentration of 
free metal ion in the presence of varying concentration of 
metal and ligandare analysed by a versatile computer programme. 
The computer programme identifies the species and calculates 
the values of the respective equilibrium constants, which 
give ’* best fit’’ with the experimental data. The measure- 
ment of free metal ion concentration requires accurate values 
of stability constants for metal-murexide equilibri'um. The 
literature values were obtained in the presence of buffer. 
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"but the values were not properly corrected for "binding of 
buffer to metal. Since Bu"”^ binds buffer sufficiently 
stron^y, these values needed serious correction. The 
extinction coefficient of murexide as a function of tempe- 
rature and at two pH’s were determined, as well as the values 
of e, the difference in molar extinction coefficient of 
metal-murexide complex and murexide at the experimental pH 
and temperature. The metal-murexide equilibrium constants 
were redetermined bj;- direct adjustment of pH in the cuvette 
without any buffer. The values differ considerably from 
published values and are highly reproducible. 

In the metal— ligand titration experiments, one would 
need metal-buffer binding constants and one prefers a buffer 
that weakly binds metal ions. ’’Good buffers* ' are obvious 
choices. Binding constants of Eu to ’’Good buffers’* (in 

particular TES) are determined by titrating TES solution 

5+ '3+ 

with Eu in the presence of murexide, the Eu -murexide 

stability constant being already knqmn, Bor experiments at 

pH 5, acetic acid-sodium acetate buff ex- is used, since Good 

34 - 

buff ens which do not bind Eu strongly are not available at 
this pH. In this case the correct value of metal -buffer 
equilibrium constant is even more important. The correction 
is large and a significant error in a large correction factor 
can introduce substantial error in the quantities that are 
' ’fitted* ’ by the binding parameters in the computer programme. 

■ • • 34 - 

Binding constant- of Eu -acetate equilibrium, reported in th^ 



literature had acceptable precision but low acctiracy. This 
quantity was redeterained by spectrophct ometric titration 
in the presence of murexide, 

3+ 

I’he stability constants of Su with Aspartic acid. 
Glutamic acid, Glutamine and jispargine at 15°C, 25^0, 35°C 
and at fixed pH’s 5«0 and 6.5 are determined using these data 
The experimental details and discussion of errors are pre- 
sented in detail. Discussion on the choice of technique and 
experimental conditions, with appropriate reference to 
literature is presented. The details of the programme are 
also given. 

In the second part of the thesis the enhancement of 
the absorption intensity of the ''hypersensitive’’ bond 

3+ 

between 464 nm-466 nm in the amino acid complexes of Eu 
are reported. With the kno>7n values of equilibrium constants 
one calculo.tos the enhancement per mole of the complexes. 

The observed hypersensitive oi-bsorption bond is a 

superpositi 02 i of absorption bands arising out of a, maximum 

of five different transitions, slightly shifted in frequency 

3+ 

from each other. The hypersensitive bond of Su (aquo)and 
3+ 

tho Eu -amino acid complexes ore ono-lysed in terms of over- 
lapping Go.ussians by a computer programme. This allows a 
measurement of the differential enhancement of transition 
proba.bility of individual absorption transitions. The Gauss- 
ian at the longest wavelength is oL early enhanced more 



significantly relative to the others. It is also shifted 
to shorter wavelength more sigriificantly. There is a clear 
difference in line shape hctwcen spectra a.t pH 5.0 and at 
pH 6,5. The dc,ta on total enhnncoment of oscillator strength 
per mole and lineshape analysis of Eu^^~Amino Acid complexes 
are discussed. Oscillator strength of Eu^^(aquo) ion changes 
with temperature. It is interpreted in terms of an equili- 
hrium between different equated species in solution. 

The thesis is divided in five chapters. In Chapter I 

we provide the background for the research described in later 

2 + 

chapters. The use of lanthanide ions as probe in Ca bind- 
ing biological molecules is discussed. The reports in 
literature are mostly on application of fluorescence and HMR- 
spectroscopy to Bu -doped biomoleculos. The possible use 
of absorption spectroscopy of doped lanthanide ions in 
structural studies on biomolecules is discussed, literature 
reports on use of hypersensitive bands to structure eluci- i 
dation of small lanthanide complexes in solution are summarized J 
The techniques of determination of equilibrium constant are 
discussed. The relevance of the work presented in the later I 
chapters is highlighted. In Chapter II we describe the 

i. 

details of the determination of Eu"^ -murexide equilibrium 

, , ■ I 

constant. In Chapter III we describe the details of the 

3 + ^ 

determination of Eu -Amino Acid equilibrium constants. The I 

literature reports on the determination of stability constants : 
34 - 

of Bu -Amino Acid equilibrium and on the EMR spectroscopic 



investigations of the structure of these complexes are 
discussed critically. In Chapter I?, the experimental 
details of the measurement of molar enhancement of oscilla- 
tor strength and the results of lineshapo analysis are 
summarized, in Chapter V, we summarize the conclusions and 
point towards future developments. 
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4* “h 24" 

The importance of metal ions such as Na , Z , Ca , 
Cu^'*', I'dn^'^, Fe^"*", Pe^"*" ions in biological processes 
is firmly established and well documented in physiological 

pi 

literature [1]. Ca ion plays an important role in the 
activity of neurotransmitter substances f 2]- Mg and Ca 
ions influence the contraction of striated muscle in a 

r 24- 

variety of ways [3»4j. Only trace amounts of Ca ion is 
needed for the control of contracticle behaviour. Of all 

pi 

the ions in blood, only Ca , when injected intracellularly 
can turn on the muscle [5]- Thus, the processes have high 
specificity. Calcium is intimately involved in mitochondrial 
function [6]. In many systems, in which a stimulus, electri- 
cal or chemical elicits a secretory response. Calcium is a 
necessary component in the external medium. The intracellu- 
lar Calcium levels rise following stimulation. Oftoi, the 
level of cyclic AMP is coupled with Calcium level. Nearly 

P . 

all membranes maintain a Ca ion concentration gradient, 
Pdlowing a stimulus, the membrane must allow the passage 
of a pulse of. Calcium ions [6]. Many of these processes are 
incompletely understood. 

On the molecular level, a large number of Calcium 
binding proteins have been isolated and characterized by 
physical and chemical techniques. Structure determination 
of several of them have been completed using X-ray crystallo- 
graphy. 



Spectroscopic techniques have also been extensively 
applied to study their properties in solution. X-ray 
structure clearly establish the existence of specific sites 
for Ca ion binding to proteins. The sites distinguish 
between metal ions of differing size and differing chanical 
and stereochemical demands [7,8]. 

Calcium ion does not give many easily observed 
spectroscopic signals. Some studies have used, for example 
Ca^^ NMR [9], but a much larger number of studies have used 

P_L 

an isomorphous replacement of Ca ions by lanthanide ions. 
The latter shift and broaden NfrlR signals and shorten magnetic 
relaxation times of nuclei spatially close to them. Structu- 

I 

ral information is derived from the measurenent of the shift, 
line broadening and relaxation enhancement [10-18, 20,21,50]. 
They also emit radiation, whose characteristics give struc- 
tural information about the sites [8, 22, 24-29], Thus, 
biologically irrelevant lanthanide ions occupy a significant 
part, of biochemical literature. 

The choice of lanthanide ions is based on their simi- 
2 + 

larity to Ca ion in size and in preference for ionic bond- 
ing to ligands. Many of them are trivalent, but this does 
not seem to msike a significant difference in their preference 
for the same site, Mn has a similar size, but in its 
preference for more polarizable ligands e.g, nitrogen, in 

P-4- 

preference to oxygen, it resembles Mg more closely than 

Of 

Ca-- [7]. The size of lanthanide ions vary along the series. 



It is established that metal binding sites of Hie pfetein 
transferrin are so size-specific that they bind the smaller 
ions in the lanthanide group, but not the larger ones [6]. 

Or 

Replacement of Ca by lanthanide ions sometimes leads 

to preservation of biological activity, a-amylase of B- 

subtilus [10,11] porcine trypsin [12] and thermolysin [13] 

are active in presence of either Ca or lanthanides, parti- 

2+ 

cularly those having ionic radius closer to that of Ca 

t-RNA is active in presence of Mg^"^ or Eu^'*’ [14] « Staph 

nuclease is competitively inhibited by several lanthanides 

[15,16]. It is interesting to note, in this connection that 
2 + 

Ca in the nuclease is at the active site, -whereas it is not 
so in trypsin and theraiolysin [6], 

Trivalent Lanthanide ions, with the exception of 
have anisotropic magnetic susceptibility. Their electron 
spin systems relax so rapidly ( ^ 10~^ seconds) that their 
iPR spectra al*e not observable in solution at room temperature 
They lead to large dipolar (or pseudo-con tact) shift,, but do 
not broaden lines significantly. Gd(III) has isotropic magi e- 
tic susceptibility and consequently the electron spin system 

relaxes more slowly ( ro' 10 sec). It gives an observable 

% 

SSR signal and affects the relaxation of nuclei near it. 

Thus Eu(III) is a * 'shift probe'' and 6d(III) is a relaxation 
probe [17]. In the transition series, Fe(lII) is a ''shift 
probe" and Mn(Il) is a "relaxation probe". Ofcourse Pe(III) 
naturally occurs in many proteins. The Fe(lII) induced HMR 



shift nas "been used in the study of the haemoglobin problem 
[18]. Cu(II) is in between the two extremes. It has 
anisotropic magnetic susceptibility, but its BSR spectrum 
is also observable. 

Campbell and co-workers [19,20] have used the fact 
that Gd(III) binds to the active site of lysoz 3 niie and inhibits 
the enzyme. Prom a study of the difference NMR spectrum 
arising out of broadening by Gki ( III) , they have measured the 
distance of the various residues near the Gd(III) binding 
site from the Gd(III) ion. fhe basic principle is that the 
dipolar coupling between Gd(III) and the proton being observed 
is dependent on distance and is responsible primarily for 
relaxation. Theoretical equations relating the relaxation 
enhancement of the proton being observed and the distance bet- 
ween Gd(III) and the proton are known. Thus the magnitude of 
relaxation enhancement is a ’’ spectroscopic ruler . 

Con-A exists either as a dimer or as a tetramer, 
depending on pH. Each sub-unit has a transiticm metal binding 
site and one calcium binding site. Both metal sites must be 
occupied for Sugar binding to occur. Derivatives of Con-A 
in which Zn(II) , Mn(II) or Co(Il) ions occupy the transition 
metal binding site have equal ability to bind sugar. U»ing 
relaxation enhancement in Mn(II)-CQn-A. , Brewer and co-workers 
[21] were able to measure distances betweoa the metal ion and 
each carbon nucleus of the bound sugar using HMR. 



The dipolar shift caused hy tri valent lanthanide 
ions other than GdClII) , for example, Bu(III) ion, depends 
on the distance between the Bu{III) ion and the observed 
nucleus, as well as on the angular ori station of the vector 
joining Eu(III) ion and the nucleus. Thus, the interpreta- 
tion of the shift data requires the distance information 
from Gd(III) induced relaxation enhancement experiments, 
Campbell and co-workers [20] first obtained the resonances 
perturbed by Gd(IIT) by paramagnetic difference spectroscopy 
and then shifted these perturbed resonances by shift probes, 
to obtain inforoDatiai about angular orientation. A canbina- 
ticti of shift and broadening data combined with a thorou^ 
computer search identified the lanthanide ion binding site 
in cyclic AMP [22] to be one of two possibilities. The final 
choice was made on the basis of alTuclear Overhausser Effect 
experiment. 

A significant amount of work has been dene using shift 
and line broadening techniques using lanthanide ions to deter- 
mine stability constants and structure of lanthanide- amino 
acid coiiplexes. This is discussed in Chapter III of this 
thesis. 

Relaxation of water molecules bound to a paramagnetic 
ion, e.g. Mn(II) or Grd(III) , is aihanced to very different 
extents in aquo ion in bulk water as compared to aquo ion 
bound to a large macromolecule with a much slower tumbling 
rate. Eisinger and co-workers [23,24] measured the relaxation 
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enhancement of water mcxLecules when a macromolecnle, such 

?+ 

as DNA, is added to an aqueous solution of Mn ions. Ihis 
quantity can be used to monitor metal ion binding, as well 
as to measure molecular motion parameters relating to water 
in the metal binding site. The latter is possible, because 
relaxation enhancement of water bound to metal ions on a 
macrcanolecule depends not only on the overall tumbling rate 
of the macromolecule, but also on the local mobility of the 
site. 

Burton et al. [25] measured the frequsicy dependence 
of water proton relaxation rates in IgG-(jd(III) system and 
ccncluded that the metal binding site has a large internal 
mobility. The rotational correlation time of the metal- 
binding part of IgGr has a rotational correlation time of 0,4 
to 40 nsec, whereas that of the whole IgG molecule, determined 
by nanosecond fluorescence depolarization experimaats, is 
168 nsec [26], A later experiment [27], based on Ihe measure- 
ment on IgG-G-d(IIl) system in 50% H20 /50% D2O mixtures, of 

1 2 

relaxation rates of both H and D nuclei, has smaller error 
and establishes the conclusion of firmer groimds. 

Some experiments use two relaxation probes, e.g. a 
nitr oxide spin label and a parama@ietic ion, Mn(II) or 
Gd(IIl) , and measure the qusiching of the ESE signal of the 
spin label by the paramagnetic ion. The EV fragnent of the 
dinitrophenyl (DUB) binding IgA myeloma protein 315 has one 
lanthanide ion binding site. Using a series of nJP -nitr oxide 
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spin labels of -varying size Sutton and co-workers [28] 
probed the dimension of the binding site by ESR mobili-ty 
mapping. The observation of the ESR spectrum of the spin 
labels also enabled them to monitor ihe interaction with the 
lanihanide binding site. The quenching of the ESR 
signal by Gd(IIl) over and above that observed for la(IIl) 
was used to calculate the distance between the two sites. In 
order to locate the metal ion unequivocally, the authors had 
to make -the experiment considerably complicated. In addition 
to using both the optical isomers of a chiral spin label 
of hapten I and haptm II, they needed data on relaxation 
enhancement of the protons on the ENP ring (without nitroxide, 
which would broaden NMR lines to make an NMR experimoit 
impossible) by the Gd(III) ion. 

Andersson and co-workers [9] studied the binding of 

Na"*" and Ca^*^ ions to Panulirus interruptus hemocyamin by ^%a 
4 '^ 4 '^ 

and -^Ca NMR spectrosecpy, -^Ca nucleus has a quadrupole 
moment. Relaxation is relatively inefficient in -the aquo 
ion and narrow NMR sigpal is observed- The relaxa-fcLcn is 
enhanced when Ca^^ binds to a macromolecule and ^^Ca NMR is 
too broad to be observed. When exchange is rapid, a wei^ted 
average relaxation rate is measured. The measured relaxation 
rate allowed the determination of metal -protein stability 
constants. It was established that two classes of sites are 
present — strong and weak. The value of pH determines the 
extent of binding and binding, in ttarn, determines relaxation 



rate of nucleus. Thus pH depend aace of relaxaticn 

rate led to the determinati cn of the pE of the calcium 
binding groups. It has been suggested that carboxylate 
groups bind Ca^"^ ion. Correlation time of '^^Ca bound to 
the weak sites indicate considerable internal motion pre- 
sent at these sites. 

i 

Early studies on the application of Fluorescence 
Spectroscopy of lanthanide ions to biological molecules 
relied on the transfer of excitation energy from a chromo- 
phore in the macromolecules to the lanthanide ion, followed 
by emission from the latter. Lanthanide ions being very 
poor absorbers, the study of their fluorescence cn direct 
excitation came later, particularly after lasers were more 
widely available. 

luk [8] determined the number of lanthanide ions 

bound to the protein transferrin by ultravoilet difference 

spectroscopy and showed that the number is two for Tb?"^, 

Eu^"^, Er^"^ and Ho^'^, but only cne for Pr^'*’. Thus the 

size sensitivity of the sites is established and the size 

8 + 

is effectively ’’measured'*. Tb fluorescence was enhanced 
by a factor of 10 -^ -vdien excited at 295 i. e. when the 
tyrosinate in the protein is the absorber. No enhancaoent 
was observed when Tb was directly excited at 352 mp. The 
lifetime of Tb^"^ fluorescence was increased marginally from 
0,432 msec to 1,27 msec, when bound to transferrin. The 
non-prop or ti onal increase in intensity and lifetime is thou^t 



to be the result of transfer of excitation energy of the 

protein to the bound Tb^"^ ion. Excitation spectrum of 

Transferrin is identical to the UY difference spectrum of 

the metal-protein complex. The author establishes that - 

3+ 

the energy transfer from Tyrosinate in the protein to Tb^ 

is 100/. efficient. Thus Tb^"^ must be directly bound to 

the Tyrosinate group. The small deuterium solvent effect 
3+ 

cn the Tfe fluorescence in the complex indicates that very 

few water molecules are bound to Terbium. Tt?'*’ fluorescence 

is virtually un quenched by the presence of a quencher ion, 

3+ 

Fe bound to the other site. Thus the two sites are at a 
distance where F'Orster energy transfer is of ne^igible 
magnitude. This leads the author to put the distance between 
the two metal, binding sites at greater than 43 A^. Thus 
effect of energy transfer on lanthanide ion fluorescence 
is used as a ’’spectroscopic ruler’’. 

wolf son and Keanns [29] have used the enhancement 
3+ 

of Eu"^ fluorescence by very efficient energy transfer from 
4-thiouridine, a naturally occurring base in E-coli t-BNA. 

The authors establish the proximity of the first 3-4 Eu^"^ 
binding sites to the thiouridine residue from the efficiency 
of energy transfer, and determine their binding constants. 
Excitation spectrum shows 4S-U absorbs li^t at 340 nm and 
transfers energy to Eu^"*", which emits at 618 nm. t-MA with- 
out 4S-U does not give this fluorescence. If 4S-U is cross 
linked by photolysis to a nearby cytosine, Eu^"^ emission is 



quenched. Competition experiments suggest that the strong 
binding sites are the same for Mg^"^ and Bu^"^. Unfractiaaated 
t-ENA and purified t-ENA f-Met are similar in their above 
menticaied spectroscopic properties. This indicates that the 
strong binding sites are nearly the same for a large group 
of t-ENA molecules. Two different lifetimes of the state 
are resolved. The authors conclude that, in addition to the 
strong sites, weak Eu^"^ binding sites exist. 

■Z 1 

Yonuschot and Mushrush [30] showed tha.t Tb reacted 

3+ 

with DNA and chromatin to form a complex in which Tb acted 
as a sensitive fluorescence probe. By measuring the narrow 
line emission of Tb'^ when DNA is selectively excited, the 
relative amount of Tb^"^ bound to the MA ca.n be calculated. 
Tb^'*' was bound to DNA until one Tb^'*' was present for each 
phosphate group. After this point, no more Tb^"^ was bound. 
Terbium was bound to chromatin in a linear manner until 
approximately 0.48 TbCl^ was added for each phosphate group 
in the chromatin - I2IA solution. The authors ccnclude that 
527 . of the phosphate groups in chromatin were unavailable 
for binding. 

Ferri and Grazi [31] find that six Tb^"^ ions bind to 
monomeric actin molecule and fluoresce strongly at 545 nm 
when excited at 285 nm, i.e. when the protein is the absorber. 
Actin polymerizes in -the presence of salt ♦ In Mg^l^ and ECl 
solutions, two different polymeric forms are observed. The 
association constants and number of binding sites in the two 


forms are differoit and are determined "by measurement of 
■?+ 

Tb fluorescence. 

Horrocks and co-workers [ 32 ] studied the fluorescence 
of lanthanide ions resulting from the direct excitation of 
Eu^'*' and ions by a laser. In the case of Eu^^ ion, the 

particular transit! on studied by them very briefly, in this 

short communication is the "^Eo ^ transition studied 

by us in absorption spectroscopy in this thesis. The life- 
time is considerably shorter in Eu{H 20 )j^ ion in comparison 
to Eu(D20)j^ ion. This is related to the phenomencn of 
electronic relaxation by energy transfer between ^ectrmic 
and vibrational degrees of freedom. CH oscillators act 
independently of other .ligands in dessipating energy. Thus 
number of H 2 O molecules co-ordinated to the metal ion can 
be found. These authors find that two water molecules are 
co-ordinated to Eu(IIl) and Tb(IIl) ions substituted in 
Calcium site I of the protein thermolysin. 

Wang and co-workers [ 33 ] showed that two of the four 

Ca binding sites of calmodulin bind Tb''^ stron^y and the 

other two bind Tb^"^ weakly. The same preference in binding 
2 + 

applies to Ca also. With Calmodulin selectively nitrated 
(nitrotyrosine's do not fluoresce) at either of the two, 
tyrosine groups can transfer energy to the bound Tb^'*’, the 
fluorescence of only Tyr-138 is sensitive to metal-binding. 
Bu^"*" ion fluorescence is observed following direct excitation 
of ^ line of Eu^'*' ion at 579 nm by a laser. Ihe 



emission ^ observed at 612 nm. The transi- 

tion being excited has the feature that under any ligand 
field, neither the ground nor the excited state (being 
sin^y degenerate) split. Thus, the fact that the excitation 
spectnjm of the fluorescence remains a single peak at 579.3 
nm, and only increases in intensity during a titration 
suggest stron^y that the four ion binding sites have identi- 
cal microenvironment. 

The same group [34] find in -ftieir study of Troponin-C 

that the excitation spectrum of Eu^'*' fluorescence on direct 

excitation by a laser has two closely spaced overlapping, 

but clearly resolvable, peaks at around 579 nm. Thus the 

2+ 

microenvironment of Ca ion binding sites are different. 
Fluorescence of Tb*^ and Eu , sensitized by energy transfer 
from the protein and the change of fluorescence of the tyro- 
sine chromophore of the protein cn metal-binding are used to 
monitor metal ion binding to protein. The existence of two 
classes of metal binding sites is established. 

These workers use the relationship between the differ 

3+ 3+- 

ence in lifetime of EuCHgO)^^ and Eu(D 20 )^ and the number of 
co-ordinated water molecules [34] to show that the number 
of co-ordinated water molecules at the strong sites of 
Troponin-C [34] is two and that at the weak sites is three. 

In Calmodulin [33] all four sites diow the number to be- 1,38 » 
i.e. number of H 2 O molecules at each site fluctuate but the 
average value is identical. 



Krabs and Carafoli [35] studied Ca^"'’ induced confor- 
mational change of Calmodulin under a variety of conditions 
by PMR techniques. !I3ie Phenylalanine residue responsible 
for resonances at 6.47 ppm (Ca free form) and 6.64 ppm 
(Ca saturated form) respectively are sho-wn to be located 
close to the Ca binding site by a combination of Gd 
induced NiyiH line broadening experiments and a Nuclear 
Overhausser enhancement of phenylalanine residues on irra- 
diation of the metal- binding Tyrosine resonances. 

Thus the application of NMR and Pluorescence spectro- 
scopy has yielded very detailed structural information about 
metal-binding biological molecules. In contrast, absorptim 
spectroscopy of lanthanide ions has not been applied in 
Biochemistry at all. The state of art in the field of 
application of absorption spectroscopy of lanthanide ions 
to the determination of structure of co-ordinaticn compotmds 
in solution has recently been reviewed by Tatsimirskii and 
Davidenko [ 36] . 

The absorption spectra of lanthanide ions have low 
intensity, complex fine structure and are relatively inert 
towards changes in the lanthanide ion environment. In 
solution, the lines are broadened by the coupling between 
the electronic degrees of freedom of the ion and the vibra- 
tional degrees of freedom of the solvent. Of the various 
absorption transitions in lanthanide ions, there is one 
class, which is exceedingly sensitive ("hypersensitive*') to 



microenvironment, The absorption is very weak <ai an 
absolute scale, but its enhancement factor varies widely 
in going from one micro- environment to another. Henrie 
and co-workers [37] have reviewed the field of hypersCT.si- 
tivity in the electronic transitions of lanthanide and 
actinide complexes. 

Since hypersensitive transition intensiiy of an 
ion is sensitive to its microenvironment, absorption 
spectroscopy of lanthanide ions is potentially a very useful 
tool for the biochemist. Our experience with the Eu^'*’— 
amino acid systems (Chapter 4) shows that with the absorption 
spectrometers now available, one should be able to measure 
the weak hypersensitive absorption i^ectrum of Eu^"*" ions 
boundto' proteins with good accuracy if one uses long pa1h 
length cells as well as the repititive scanning accessory 
to carry out time averaging. Since the a.b sorption line 
intensities can be measured accurately, one must study the 
more well defined simpler systems in detail to appreciate 
the structural information obtainable from various features 
of the absorption spectra. It is unfortunate that Fourier 
transform spectroscopy has not revoluticniz;ed the field of . 

UV and Visible spectroscopy in the same way as it has influ- 

4 ' 

enced the field of Infrared and EMR spectroscopy, Nonethe- 
less, even without FT techniques, absorption spectrum of 
lanthanide ions as a probe for Ca binding sites in biolo- 
gical molecules, will receive more, attention in the years to 



came. Whether the information content and their inter- 
pretability will match those in fluorescence and NMR, is 
too early to assess, hut at the very worst, information 
gathered from absorption spectroscopy xd.ll complement those 
from fluorescence and Nf'IR. 

A considerable amount of work has been done on the 
quantitative understanding of the oscillator strength of 
lanthanide ions placed in different environments in crystals 
as well as isolated complexes. The oscillator strength of 
transitions between states arising from f^ configtirati on 
is particularly interesting. In a few cases, the transi- 
tions derive their intensity wholly or partially by magnetic- 
dipole mechanism. The selection rules for magnetic dipole 
transition are A J 1, (but not C 0),Ah = 0,As=0 
and AL = 0 in the Russell Saunders Coupling scheme. Strang 
spin-orbit coupling weakens the constraints on 1 and S, but 
the constraint on J is rigorous. The second i^ortant 
mechanism is electric dipole in characjter. Static and dyna— 
mix crystal field perturbation mix excited state wave 
functions of a parity different from that of f^ states to 
the wave function of f^ states. Thus a ’’parity forbidden''’ 
electric dipole transition becomes ' 'weakly allowed’*. 

Judd [58] and Ofelt [ 39 ] have derived theoretical equations 
assuming the ’’ forced electric dipole mechanism’’. Under 
certain approximations the equation assumes a simple form 
with only three parameters. 
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j l^V J^ and j ’ J are eigenvectors of tlie initial and 

/ 

final states arising from . configuration. These are 
unperturbed wave functions. is the wave number of the 
baricenter of the absorpticai band. Equations for T^. depend 
on the perturbation mechanism. If it is static crystal field, 
theoretical expression for T >, contains static crystal field 
parameters, refractive index of the medium and integrals ' 
involving perturbed radial wave function of the metal ion. 

If the perturbation mechanism is dynamic crys tal fi eld , the 
expression contains derivatives of crystal field parameters 
with respect to normal coordinates of vibraticn, matrix ele- 
ments <^n | I n where | n\ and | n*N are initial and final 


vibrational eigenstates and is the normal coordinate of 
vibration, population of initial vibrational state, in addition 
to refractive index and appropriate radial integrals. The 
theory predicts that for P to be non-zero [a IAlK 6. 

|-A s| = 0 £ind if either J or J' = 0, A. j| must be even. 

For the matrix elements of u^^^ to be ncn-zero j|^2. 


L| 2 and |A Si = 0 end if either J or J * = 0 | A J mi:ist 


be 2. The constraints on j/Ai are expected to be fairly 
rigorous, while those on jA l| and jAsi will be less so. 


because of strong spin-orbit coupling in lanthanides [66], 
The condition for non-zero u^^^ 


is the same as the selection 



rules for quadrupolar transit! ori. The hypersensitive transi- 

( 2 ) 

tions, of interest in this thesis, have large values for u 
matrix elements. In the Judd-Ofelt equaticaa for P , T 2 is the 
coefficient of u^^^ matrix elements. Thus if T^ is envirc®.- 
ment sensitive, P will change hy large magnitudes in going 
from one environment to another talcing advantage of the large 
value of u^^^. The fact that hypersensitive transitions obey 
quadrupolar selection rules, owes its origin to the theoretical 

( 2) 

result that the conditions for ncn-zero values of u' * is the 
same as quadrupolar selection rules. In this model, hyper- 
sensitive transition is ’’forced electric dipole’’ in nature. 

To give an example, the hypersensitive transitions in 

Nd^+ are "^^7/2 ^ ^^9/2 

( |/i Jj ^ 2 ) located at 7300 cm”^ and 1920C cm~^ respectively. 
The u^^^ matrix elements of Nd^'*’ are substantial (-0,2580 for 

9471 for 0,2529 for whereas they ' 

are close to zero for the other transitions (e. g. , 0 fcr 
^^15/2’ ^^1/2 ^ largest being 0.0986 for — "^^9/2 

Jorgensen and Judd [40] proposed an alternative model, 
which assumes that the hypersensitive transitions are basically 
electric quadrupole in nature. The expression of the oscilla- ! 
tor strength due to electric quadrupole mechanism is [66] 



where 


JI 2 = ^2J+1) <%f I j 4^ 2 

The form of this equation is identical to the first term 

of Judd-Ofelt equation, with the important difference that 

T^ (quadrupole) is denendent on the frequency of radiaticai. 

The experimental oscillator strengths of hypersensitive 

2 S 

transitions are 10 to 10 times larger than "tiiat predicted 
the equation given above [41], and thej^ 2 parameter does 
not show the ^ depoadency required by this equaticn, ii. 2 
in a number of Er(IIl) complexes show a ratio of oscillator 
strengths of the two hypersensitive transitions between 1 
and 1.5, whereas the equation given above predicts a ratio 
of 1.92 [41]. Thus a pure quadrupolar transition mechanism 
arising frcxn the coupling of quadrup pie moment of the ' 
electronic charge distribution with the electric field gra- 

dient of the radiation field at the ion is clearly insuffi- 
cient to account for experimental oscillator strengths. 
Jorgensen and Judd [40] proposed that inhomogeneity of 
dipoles induced by electromagnetic field in mol ecules-ligands 
or solvent molecules around the metal ion, enhances the 
electric field across the metixL ion. They are able to 
account for the magnitude of intensity in hd^'*’ and Er^"^ 
aquo ions by a semiquanti tative estimate within a factor 30 . 
This mechanism also does away with the frequency dependence 
of SI because the primary source of electric field gra- 
dient is no longer the spatial dependence of the electric 
field of the radiation [41]. 



More recently. Mason, Peacock and Stewert have 
developed a theory, which originates from the idea of 
Fajans that the phencanenon of metal-ligand perturhaticaa 
is reciprocal, i.e. , the electric field of the ligand 
affeorte the metal and that of the metal polarizes the 
ligand [41]. This idea has been formulated in the form 
of a formal mathocatical theory. For a metal-ion transi- 
tion with a vanishing zero- order electric-dip ole moment, 
the expression for the first order ^ectric dipole moment 
of the perturbed metal ion transition has terms over and 
above that given in the crystal field theory. The additio- 
nal terms represent the coulombic correlation of transient 
electric dipole moments in the ligands by the transitional 
charge distribution of the metal ion. The leading term in 
the transitional charge distribution for hypersensitive 
transition is the electric quadrupole. The expression 
derived by Mason, Peacock and Stewert [41] for oscillator 
strength (the mechanism is electric-dipole) is 
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a(L) is the mean polarizability of the ligand L at the 
f electron transition frequency. is the radial coordi- 

nate of the ligand atom L in a coordinate system, where 
metal ion is at the origin. Cm^^^ (L) depends on "tiie angular 
orientation 0^^, 0^ of the ligand L. An interesting point 
about the equation is that it has the form of the first 
term of the Judd-Ofelt equation. 

Oscillator strength of absoirption bands of many 
lanthanide ions in a variety of environments in crystals 
as well as isolated complexes in solution have been fitted 
remarkably well (Typical r.m.s. error 100 of the oscilla- 
tor strengths) with the three parameter Judd-Ofelt theory. 
Carnall, Fields and Wybourne, and Carnall, Fields and 
Rajnak [42], find that oscillator strength of transitions of 
several lanthanide aquo ions (in dilute acid solution) 
anhydrous Icnthanide nitrate in anhydrous acetic acid solu- 
tion and in molten nitrate melts can be fitted with three 
parameters only. The only faring exception is Pr^"^ (r.m.s. 
error in fit fv... 100/, ) . For most bends (AJ greater than 2), 
T^ and Tg are sufficient, but T 2 is necessary for hyper- 
sensitive bands. T 2 is found to be most sensitive to the 
environments studied by these workers. They point out that 
crystal field theory predicts the order of einrirenment 
sensitivity as ^ ^ ^2* order is not observed. 

The failure to accoimt for oscillator strength in Pr^"^ ion 
is not surprising. The assumption that difference in energy 



■between terms of different configurations is much larger 

than the transition energy which leads to the three para- 

3+ 

meter Judd—Ofelt theory, "breaks do>m in the case of Pr 

ion. But on this basis, it is surprising that Judd-Ofelt 

3+ 

theory accounts for oscillator strength of Tb''^ . The 

3+ 

approximation holds even less accurately for Tb . The 
excellent agreanent for all the ions, even in near- 
ultraviolet, where this assumption is less valid owes its 
origin to the fact that if L-S coupling is not seriously 
violated, only terms of the same spin can interact substan- 
tially. In Tb^ , even thougja the lowest term of the 
excited configuration is closer to the ground state than 
it is in Pr^'*’, the first term of the same spin is separated 
from the ground state term by a large magnitude of energy. 
The su c cess of t fa e J udd-Of jel.t^ t heor y . howev er does not prove 
any me chan is.m...--.because- f orm: of. t.he__equati ons of oscilla- 
tor strength for the Judd-Of elt forc ed electric dipole, 
the J or gen sen-Judd forced ^ectric quadrnnole, the Mason- 

P eac ock-g tewert dynamic c ou pling as well as the pure quadru- 

pole mechanism are identical in form. 

Peacock [43] pointed out that if one excludes one of 
the two hypersensitive oscillator strengths frcan the data, 
while determining ^ parameters of a lanthanide ion with 
two hypersensitive transitions, one gets a much better fit 
(i.e. r.m. s. error is smaller). The value of T^ is hi^er 
if one uses the higher energy transition in data-f itting. 



Thus the oscillator strengths are better parametrized in 
terms of T^, Tg (equal for all the transitions) and caae T2 
parameter per hypersensitive transition. In cases, where 
removing all but one hypersensitive transitions from data 
fitting leads to a ''much better fit'' and Tg alter as 
well, because of the interdependence of the parameters when 
determined empirically. Peacock considered the possibility 
that the failure of the three parameter fit is due to the 
approximation made in the Judd-Ofelt theory that E('y^ , J) - 
E(n ’ , t ' , y", J ") and ECv' . J ’ ) - E(n ' , ^ » >'”» J ") are 
equal is not valid. E(Y, J), E(''Y’ » ^ B{n ' , jy , J ") 
s.re 1 he energies of the ground and excited states of the 
f f transitions and of the perturbing manifold respectively. 
But the trend predicted by such a cause on the dependence of 
T2 cn the energy of transition is not experimentally observed. 
In addition, it does not explain why and Tg should not 
vary in a way similar to T2» The frequency dependence of T2 
is not accounted for in the Judd-Ofelt mechanism, but is 
explained by the dynamic coupling model of Mason et al. [ 41 ]. 
Peacock points out [ 43 ] that if only the nonhypersensitive 
transitions are used in data fitting, T2 is ill defined, 
often assumes the disallowed negative values, and is merely 
a fitting parameter without any physical meaning. The ' 'real 
value'' of T2 is obtaiined only if the oscillator strength of 
at least one hypersensitive transition is included in the 
data to be fitted. 
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The Judd-Ofelt theory predicts that forced electric 
dipole mechanisia -will he of sigaificant importance in 
symmetries, >7here expansion of crystal field pot^tial 
contains ^^ith odd K. In particular, sites with a center 

of inversion among their symmetry elenents will not give 
rise to enhancement. However was not allowed in the 

crystal field potential, because unlike all Yg-^ with E 1, 
they possess nonvanishing derivatives at the origin, namely 
the nucleus of the rare-earth ion. This implies the existence 
of an electric field at the nucleus and hence that the rare- 
earth ion and its complex are not in equilibrium [44]. The 
exclusion of Y^^ did not allow the crystal field model to 
explain the experimental observation that in going from one 
environment to another, T^ alters significantly, whereas T^ 
and Tg largely remains unaltered. Varying amplitudes of 
\m from one microenvironment to another alters T^ alone 
(there is no T^) , that of Y^^ alters T 2 and T^, and 1±iat of 
'^5m T^ and Tg. 


Judd [ 44 ] argued, that electrons of the rare-earth 
ion may also produce an electric field at the nucleus, that 
exactly cancels that coming from nei^bouring ions. The 
asymmetrical electronic distribution within the rare- earth 
ion can be regarded as being produced by the external electric 
field. He has listed the 32 point groups of Ci and 
ssnsometry which allow the inclusion of such terms. Ihe terms 
in combinaticn with the dipole operator reduces to an 



effective quadrupole operatcr within the 4f shell. This 
explains the quadrupolar selecticn rule for the hypersensi- 
tive transitions. Restriction qn_.J:he-._symin±ry: of the sit^e 

that allows hypersensitiyi ty exists in the ' ’dynamic coup lin g’ 

t h e or y of M a s on , P e ac ock an d Stewert also [41]. Poin t grou ps 

D and C , . with p unrestricted, C,, , , T. and their suh- 

.--p— — — pV — ; ■ — - "ct - 

groups allow hypersensitivity. T he dy namic coupling mechanic 
is f orbidden where there is inversion symmetr-y 9?!_a a xis 
with p 5. Thus the Mason — Peacock - Stewert theory [41] 
is less restrictive about symmetry than the crystal field 
theory [44]. 


The equations for the Tj^^ parameters for the static tj 
and dynamic crystal field show that if the latter has a 
significant contribution, the oscillator-strength should be 
temperature dependent. Change of temperature changes the 
population of vibrational states, a quantity that appears in 
expressions for T^ . 


The influence of site symmetry on hypersensitive 
intensities is well documented in literature. Bukietynska 
and Choppin [45] measured hypersensitive intensity of Kd^'*’ 
ion in a nitrate and a sulfate complex and in a t^a - picoli- 
nate complex in aqueous solution. Analysis in terms of 
parameters show that T^ changed most significantly in going 
from <aie microenvironment to another. The authors infer 
that Nitrate complex of Nd^'*’ has low symmetry about the metal 
ion. The a-picolinate complex is inferred to have a symmetry 



not hi^er than some of the groups. The experimental 
values of T_ is in the following order;nitrate a-picoli- 
nate ) aquo complex, showing T, increases with decreasing 
symmetry. 

Blass e, Bril and ITieuwpoort [46] measured the fluo- 

resceace spectra of Eu^^ ion in several host lattices- In 

•^1 

Ba2G<3NI'C)g » the site symmetry of Eu^ is strictly 0^^. The 
emission originates mainly from magnetic dipole and vibronic 
transitions. In 0^ symmetry, electric dipole mechanians 
of all transitions - hypersensitive and non-hyp ersens itive - 
are forbidden. Vibronic transitions involving noncentro- 
symmetric vibrations will however be weakly allowed in the, 
Judd-Ofelt model. In YAl^B^0^2» 'ttie site symmetry of Eu 
is and the emission is predominantly electric dipole. 

The ratio of the intensities of electric and magnetic dipole 
emission increases strongly with increasing deviation from 
inversion symroetry achieved by changing chemical composition. 
These authors point out that in rutile, the polarizability 
of the oxide anion in the Ti^O plane present in the structure 
differ strongly from that perpendicular to this plane [47]. 
Thus, the J orgensen-Judd inhomogeneous dielectric model may 
have contribution to hypersensitive transition intensity of 

I 

Bu^ in oxide lattices [46]. 

Kislink, Krupke and Gruber [48] examined spectra of 
'5+ 

Er-^ ion in single crystal of in absorption and fluo- 

rescence. Of the two inequivalent cation sites C 2 and 



the authors demonstrate that only the site without inversion 
symmetry (C^) gives rise to the entire observed spectrum. 

Rackestraw and Dieke [49] studied in YCl^. The 
point symmetry is approximately octahedral. The small devia- 

O A 

tion gives substantial intensity to "4 ^^15/2^ 

^%l/2 ^15/2 "^^11/2 "^^15/2 ■ti'ansitions (the 

first two are known to be hypersensitive, the third one obeys 
the selection rule ^ J = 2 ), while other absorption bands 
are largely unaffected (excepting one or two transitions to 
individual ligand field split states in a term), 
h:^ersensi tive b^d intensities res pond more sens it ively to 
small deviations of symmetry. 

Ryan and Jorgensen [50] studied lanthanide hexachloride 
and hexabromide complexes in non aqueous solvents and in solid 
phase. They found that the intensities of the ncn-hyper- 
sensitive transitions of LnGlg^“, LnBr^^” and Ln(SCH' )g“ are 
an order of magnitude lower than those of aquo ions, whereas 
the hypersensitive transition intensities ranain either un- 
changed or increase. The authors observe that the electronic 
lines are still prominent and weak distortions perhaps exist. 
Henrie, Fellows and Chop pin [37] based cai the data of Ryan 
and Jorgensen [50]-, Ryan [51] and Henrie and Henrie [52], 
pointed out that the order of intensities for the non-hyper- 
sensitive transitions is Ln01g^“'^ InBr^ ^ Lnl^, whereas 
the order is reversed for hypersensitive transitions. The 
first observation indicates that the hexaiodo ccanplex is the 



least distorted of all, from Oh symmetry. The second obser- 
vation indicates that a small deviation from symmetry 
enhances hypersensitive transition more significantly. From 
known trends, covalency is expected to be in the order 
iodide \ bromide ^ chloride. If one now postulates that 
covalency enhances hypersensitive intensity, then intrinsi- 
cally iodide complex will have a higher hypersensitive 
intensity. The smaller deviation from symmetry is against 
hypersensitivity in Inig , but the aid of covalency more 
than offsets this and leads to the observed order. Covalency 
enhances hypersensitive intensity by mixing ligand wave 
function with wave function of metal and thus destroying the 
odd parity of the 4f^ state. In the theoretical expression 
for Tj^ , covalency modifies the radial integrals. Temp e ra- 
ture depend ent studies fin d that the i ntensi ty of bnrK^F! 
(including hyp ers e n sl.tiv..e— band.) of ST dCl^'~ remain unaltered 
in going from room t empe rature -to 77 (55). T hi s rules out 
any ai^if leant contirbution from yibr,®^ mechanisja* It 
has however been suggested( [57] , ¥.T. Carnall, private cemmuni- 
cation to R.L. Fellows) that one needs to lower 14ie tempera- 
ture further to rule out vibronic contribution. 

In Order to give rise to hypersensitivity, covalency 
should be able to modify T^ parameter more significantly 
than T^ and Tg. There is difference of opinion cn this point. 
Henrie and Choppin [54] in their study of hypersensitivity in 
Nd(acac)^ and Nd(EDTA) showed that the oscillator strength 
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of hypersensitive transiticai increases with increase in 
the nephelauxetic ratio iv ^ complex/ aquo) , wtiich 

is thought to he a measure of covalency [67]. Using the 
formula of Jorgensen and Judd [40], these authors get an 
order of magnitude agreement between observed ^2 that 
calcxolated for vibronic contribution. T he correlation 
with nepheleuxet ic ratio leads them to co nclud e that 

covalency modifie s the radial integrals and thu s aids the. 

vibronic contritu tion.. They give sani quantitative arguments 
to show that the effect of covalency will alter T 2 more 
significantly than T^ and Tg. Peacock [55] has also briefly 
considered the covalent model, but he concludes that T^ 
ou^t to be the most sensitive parameter to covalency. 

Henrie and Choppin [54] assume that the static .crystal field, 
with or without covalency, has no role to play in hyper- 
sensitivity because of the results on hexahalo complexes 
of lanthanide -ions. Their contention that vibronic effect, 
aided by covalency, leads to hypersensitivity, lacks the 
very necessary support of data on temperature-dependent 
oscillator strength. 

Erupke and Gruber [56] investigated the intensities 
of Tm^"*" ethylsulfate and Krupke [57] reported data on Pf^~^ 

,^- 4 - ^ 4 - ^ 4 “ 34 ' 

Na, Eu, Er, Tm ions in host and Pr and Ud in laP^ host. 

25 5 

They find that T^ and Tg (which occour in the expression of 
intensity for ncnhypersensitive transitions) cannot be 
calculated with reasonable agreement assuming only a static 
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mechanism. There is also some evidence that both para- 
meters are temperature dependent for Tm^"^ ethylsulf ate. 

However T2 could be calculated with at least an order 
of magnitude agreement allowing only a static perturbation. It 
will be of interest to know if the goodness of fit changes 
on recalculation ( f oil owin g P eac ock [43]) of T. parameters 
taking one hypersensitive transition at a time. Hd_ 
hypersensitive transition shows a sharp decrease in inten- 
^itv in goin ^,_frcm to a site of different symm,eii;y in 

Since i® accountable by static mechanism, 

considers hypersensi tivit v_..ln Hjr due to site g eo- 
metry alone . 

Henri e, Fellows and Choppin [37] have reinterpreted 
Erupke’s data. They point out the possibility that the 
decrease in Nd^ hypersensitive transition intensity in 
going from ^2^^ LaF^ could originate in stronger covalent 
interaction with oxide (as compared to fluoride). The site 
symmetry of 12^3 Krupke observes, also favours a larger 
intensity. Thus, the reinterpretation stands as follows : 
Covalent interacti.cn aids the effect of site symmetry. 
Temperature dependence of intensity was not studied. This ' 
is a necessity before ruling out vibrcaiic effect. ¥e like 
to point out, following Blasse, Bril and Nieuwpoort [46] 
that one should not overlook the possibility of inhomogeneous 
dielectric effect of Jorgensen and Judd [40] in oxide lattices. 
The Mason theory [4I] can also account for this effect. 



Peacock [58] studied ( [LuWj^qO^^]'^”’ mth Ln = 

Pr^"*”. He, in contrast to Henrie and Choppin [54] does not 
observe, any correlation betwe^ nephelauxetic effect and 
hypersensitive oscillator strength in the Ho^"^ complexes. 
Peacock further reports in this paper that the ratio of the 
oscillator strength (hypersensitive/h.cnh 5 rpersensi tive) is 
the same in soluticn and in powder reflectance (after appro- 
priate correction) and hypersensitivity is observed even 
thou^, the lanthanide is not exposed to solvent. He assumes 
that inhomogeneous dielectric effect can originate from 
solvent molecules alone and concludes that the Jorgensen- 
Judd mechanism (forced electric quadrupole) does not contri- 
bute significantly. ¥e point out that inhomogeneous dielec- 
tric effect can originate from polarization of the ligand 
atoms also. This has been often ignored in discussions in 
literature. 

G-ruen and Dekock [59] studied oscillator strength of 

hypersensitive absorption bonds of Hdl^ and HdBr^. They find 

that the oscillator strengths of hypersensitive transitions 

are 10-15 times larger than the corresponding quantity in ' 

5+ 

Nd aquo ion, while non hyper sensitive bands are in goaeral 
less intense. The authors reject crystal field induced 
electric dipole mechanism, because the planar symmetry is 

not in Judd's list of sjrmmetries that cause hypersensitivity. 
They also reject the inhomogeneous dielectric mod^ of Jorgens 
and Judd [40]. The Jorgensen- Judd formula for the ratio of 
the gradient of electric field created by the induced dipoles 



of fhe ligand atoms to the electric field gradient due to 
the electromagnetic field alone is 

-11. n^-l.. / a\3 ( h y 

471 ;^ n(n^+2) 

where a is the lattice constant, R is nearest nei^ibour 

distance, A is wavelength of ligjht, n the hulk refractive 

index. Jorgensen and Judd f ound ^ to be sufficiently large 

to account for the hypersensitive intensity enhancements in 

Nd^"*" and Er^'*’ aquo ions by taking n = 1.5, a = R = 2- 5 A°, 

5000 A°, , then is Ci 75- The ratio of is propor- 

tional to ^ . Gruen and Dekock [59] used n = 1,001 apnro- 

priate for the bulk refractive index of RdBr, and Ndl,. The 

3 p 

factor (n^-l)/n (n^+2) is then smaller by a factor of 10^. Thus 
inhomogeneous dielectric effect estimated in this manner 
fails by a factor of 10^ to account for hypersensitivity of 
gaseous Rdl^ and RdBr^. The authors calculate the contri- 
bution of vibronic mechanism to T 2 using the formula derived 
by Jorgensen and Judd [40] 

^ 2 ^^ "7 [^(f'’)^ )^] X 10"^'7 Sec. 

N is a dimensionless factor of the order of 10, * is idle 

radius of the oscillating complex containing the lanthanide 

ion and its immediate neighbours, p" the amplitude of the 

oscillation. Using P » {^ 0.1 A° andp'^^l A°, they find 
vib 

T^ is sufficient to explain most of the hypersensitivity 




observed. The agreenent is to a great extent due to the 
use of an unrealistic value of !•’ = 1 A*^, because in the 
vapor Nd-X (Br, I) distances are 2.72 and 2.94 A°. Thus, 
iif 3 A° is more appropriate. This wOTild make the agree- 
ment go off b 3 / a factor of^^^'lO^. Jorgensen and Judd [40] 
fomd the vibronic contribution to T 2 is too small because 
they used a realistic value of o' >' 2 ^ 4 . a*^ for Ud^"^ and Er^'*' 
aquo ions. 

These authors also point out the possible role of 
covalency, even thou^ the nature cf the orbitals involved 
in covalent bond formation is only qualitatively discussed. 

The covalency modifies the radial integrals in the expre- 
ssions for T 2 and enhances its magnitude. The r easons for 
prop osin g tha.t the role of c ovalency is significan t is two 
fold. h as a hi^er hyp ersensit ive intensity than EdBr^. 

It is known that the order o f tendency to form covalent bend 
is ij) Br. Seccndly,jJ length decreases and hyper- 
sensitive intensity increases in going from solid Ndl^ to 

the vapour phase. Decrease in bond length by .•■"\>12X. indicates 
a substantial increase in covalaacy. Thus, it is proposed 
that increase in covalency aids the increase in hypersensitive 
transition intend ty by vibronic mechanism. The proposal 
of vibronic mechanism however lacks the necessary support of 
data confirming temperature dependmee of oscillator strength. 

Gruen and Dekock [59] reject 1he inhomogeneous dielec- 
tric model by using the bulk refractive index of the gas in 



the Or gen sen- Judd equation. Kdl^ molecule may as a \jhole, 
he in a homogeneous dielectric. But Nd ion definitely 
would sense any electric field gradient across the Nd^'*' ion 
set wp hy the dipoles induced in I ions by the electro- 
magnetic field. The symmetry may make this effect dis- 
appear, for this static structure. Vibraticnal motion of 
certain types may however make this effect non-zero. An 
evaluation of this effect has not yet been done properly. 

The theory of Mason, Peacock and Stewert [41] however 
registers a major triumph by quantitatively accounting for 
the hypersensitive intensity in Nd- trihalides. The 
transition intensity of Nd(lII) near 17000 cm*”^ has 

the oscillator strength (10”’ P ) of 5.6 for NdF^ in the LaP^ 
crystal [57] compared with a value of 530 for Ndl^ in vapor i 
phase [59]. Hi^li^ting the role of polarizabilities the 
theory quantitatively accounts for this variation of oscilla- 
tor strength over two orders of magnitude. It also quantita- 
tively accounts for the substituent effects observed in -Hie 
lanthanide tri j3-dicarbonyl chelate complexes. As stated 
earlier, it also accounts for the frequency dependence of Tg* • ^ 

However, even thou^ it predicts small polarizability depoident ! 
red shift of the transition frequency, of the order of 5 cm”^, | 

it cannot quantitatively account for the nephelauxetic red 
shift. 

There is one piece of experimaatal evidence that argues I 
against the J orgensen-Judd forced electric quadrupcle mechanism, | 



Blanc and Ross [60] stijdied polarized absorption in the 
^^2 ^ hypersensitive transition and emission in the 

5 - q ^ hypersensitive transition of ion in an 

organic chelate, in crystalline phase. Both sets of transi- 
tions consist of three lines, two polarizing strcn^y 
perpendicular to the crystallographic C-axis, the third 
polarizing parallel to this axis. On the basis of quadru- 
polar selection rules, the number of allowed transitions 
for almost all of the appropriate symmetries is expected to 
be greater than three. Complete polarization is also not 
to be expected of quadrupolar transiticais. 

We stated earlier that the proposal for vibronic 
mechanism for lld(acac)^, NdCEDTA)”" [54],^ and for Nd- trihalides 
[59] lack the necessary support of data regarding tauperature 
dependence of oscillator strength. Peacock [61] has reported 
the absorption spectra of solid passes of fBu(SiW 2 _ 2039 ) 2 I 
and K^^[Ho(Si¥j2^0^g) g] at 295 ^ and 80°K. He finds that the 
Spectra ar'e temperature independent. Gruber, Menzel and 
Ryan [53] also find temperature independence of spectral line 
intensities in [ (CgH^) ^PHl ^NdCl^. lanthanide trl cyclop enta- 
dienides show large temperature vari a ti on of the oscillator 
strengths when cooled at [62]. This observation was made 

in crystalline phase. Peacock [6lb] in a critical survey of 
the possible role of vibronic contiribu ti on to hypersensitive 
oscillator intensity concludes that in isolated complexes in 
solution, there is no evidence of vibronic mechaaiam. There 



is some evidence, in its favour, in crystals [56,57,62]- 
This can be understood if the important vibrations are low 
frequency lattice modes. Such vibrations would not be 
available in molecular complexes [411. 

The temperature range available for establishing 

significant temperature dependence of T.^ parameters of 

complexes in solution may be small [37]. The only evidence 

of temperature dependence of oscillator strength in soluticxi 
« 

comes from the work of Bell, Thompscn and Helton [63] whose 
measurements range from 25°C to 556^0. The 5754 A° line 
of Nd^"^ increases in intensity by a factor of 5 with 
increase of temperature. The area under the band and its 
position change linearly with temperature with changes in 
slope at 90° and 240°. Temperature dependence is inter- 
preted to be due to vibronic interaction. Increase in 
temperature, the authors argue, should destroy the inhomo- 
geneity of the dielectric. Thus if the latter was the 
cause of hypersensitive intensity, increase in temperature 
should have decreased the intensity. ■ The change in slope 
indicates that water molecules are displaced from the hydra- 
tion sphere. The other bands in Hd^"^ and Pr^”^ (ncn-hyper- 
sensitive) either decrease in intensity with rise in 
temperature or show irregular behaviour. This study is 
done in aqueous solution above 100°C, under hi^ pressure 

vapor pressure of water at each temperature). The taope- 
rature dependence may have contribution from pressure induced 
structural change in aqueous solution. At high temperature 
hydrolysis oHso complicates interpretation. 



Henrie, Fellows and Choppin [57] have summarized 
the evidence in support of the role of "basicity and polari- 
za'bility of ligand atoms and perhaps of covalency in oscilla- 
tor strength of hypersensitive transitions. Ccvalency in 
lanthanide complexes is well-known. The quantitative 
calculation of ligand field parameters yield poor results 
only if ccvalency is taken into account [36]. The value of 
T2 ill a series of complexes of Nd^"^ and Ho^^ with aniens of 
acids of different pKa vary linearly with the value of pKa 
[37]. This is interpreted by postulating that covalency is 
more significant in a metal conplex with an anion derived 
from an acid of higher pEa. 

We have stated earlier that Krupke [57] concluded 
that the change of hypersensitive oscillator stroigth in 
going from can be interpreted in terms of site 

symmetry alone. Henrie, Fellows and Choppin [37] reinterpret 
the data. 0 is more basic than F and is higher up in the 
nephelauxetic series. Thus covalency is thou^t to be 
stronger in the 0 lattice. They quote EPE. evidence for 

■5+ 

strenger covalency of Ln ions in oxides in comparison 
with fluorides. Plausible as it is, we like to point out 
that both the Jorgensen -Judd inhomogeneous dielectric mecha- 
nism [40] and the theory of Mason, Peacock and Stewert [41] 
may also be able to account for the effect. 0^' 
polarizable than F”. 


is more 



There is evidence for increase of T^ with decreasing 
Ln-0 bond distance [64]. Henrie, Fellows and Choppin [37] 
interpret this effect as evidence for increase of with 
increase of covalency. However, it may be pointed out that 
the Jorgensen- Judd model [40] and Mason-Peacock— Stewert 
theory [41] are equally consistent with the observation. 

If a more polarizable group is at a shorter distance, all 
the models predict hi^er hypersensitivity. 

In the same class is the case of higher hypersensitive 
oscillator strength of solid Ndl^ (r = 2.38 A°) compared to 
gaseous Ndl^ (r = 2.94 A°) . Greater covalency definitely 
accompanies shortening of bond length. But, as stated earlier. 
Mason theory [41] accounts for it quantitatively. Henrie,. 
Fellows and Choppin [37] point out there is a lot in common 
between a covalent model and the dynamic coupling model of 
Mascn, Peacock and Stewert [41]. It is perhaps meant that 
in the two theories, the same effect is partitioned diffe- 
rently under different headings. 

Apart from the fact that a more explicit dancnstra- 
tion of equivalence is lacking, we may point out thit the 
symmetry requirement for the effect of covalency to show up 
in the crystal field theory of the oscillator strength of 
absorption bands is not identical to the symmetry requirement 
of the dynamic coupling mod^ of Mason et al. [41]. low 
symmetries are however allowed in both the approacdies. 



We like to point out that when the effect of 
covalency is, included the requirement of symmetry is still 
necessary and is identical to the requirement in electro- 
static point charge model of crystal field theory. Symmetry 
of the microenvironment determines the symmetry of the 
comhination of ligand orbitals to be used in the formation 
of molecular orbitals- Covalency affects the oscillator 
strength onl^’' if the parity of f^ states is destroyed 
through covalency. Thus in the octahedral hexahalo complexes, 
if the symmetry was a perfect octahedron, covalent inter- 
action would not lead to modification of the oscillator 
strength. The situation is identical to that of the effect of 
ligands on the splitting of levels in the crystal field 
theory and in the molecular orbital theory. 

In the early theoretical work on hypersensitive 
oscillator strength [38] mixing of 4f^'”^5d configuration 
wiih 4f^ configuration w:as considered and gave reasonable 
agreement with experiments on lanthanide aquo ions. Axe [65] 
showed that the relative intensities of the electric dipole 
and the magnetic dipole transitions occurring in the fluo- 
rescence snectrum of Eu(C 2 H^S 0 ^) ^ • 9 H 2 O can be interpreted 
by crystal field induced effect. Agreement with experiment 
was obtained if 5g orbital configuration mixing was assumed 
to contribute significantly. The factors that decide the 
contribution of the mixing of some states to oscillator 
strength is the difference of energy between the perturbing 



state and the pertnrhed state and the magnitude of radial 
integrals e. g. 4 ;^ 4 f| r j 5^ or | 5^ • The 

increase ^ B lowers the contributicn and the increase 
in the value of the radial integrals increases it. 


An interesting p ossibility Ihat has attracted atten-. 
tion recently is the role of charge- transfer states in 
destroying parity of the 4f^ states [37»68]. It has been 
observed [68] that in those host lattices, where the 
ion occupies a site allowing a linear crystal field term 
(listed by Judd [44]) and the Bu^'*’ charge transfer band is 
at relatively lower energies, the intensity of hypersensitve 

^ hypersensitive 

but is electric dipole in mechanism) emission increase 
compared to -—-n'- magnetic dipole emission (its inten- 

sity is environment insensitive). The intensity of electric 
dipole emission increases as the energy of the charge- transfer 
state decreases. In order to be effective the parity of the 
charge transfer states must be different from that of the 
f^ states. The 5d state is hi^er in energy than the charge- 
transfer state. The mixing of 4f^ states with charge- transfer 
states rather than 4f^~^5d states is thus fa.voured. The 
frequency dependence of T^ is accounted for in this model 
because mixing with charge transfer states is more effective 
if the excited state is hi^er in energy [37]. The higher 
hypersensitivity of Eu^'*' than (e.g. with Cl“, Eu^"^ 

hypersensitive band shows enhancement at a much smaller chloride 



concentration) is consistent with the comparatively low 

lying charge transfer state of . Hsrpersensitive 
c 7 

Dq-- — emission has been observed even in a ©2^3^ site 
symmetry [68], This is allowed by the Mason-P eacock-Stevrert 
theory [ 41 ], but not by the crystal field model [ 44 ]. 

3 ji ions where 4f*^*"^5d level is comparatively low 

l3ring (Ce^"^, Pr^"*", Tb^"^) , the mixing of this state with the 

4f^ state enhances electric dipole emission. Tb^"^ emission 

lifetime shoxfs an increase with increase in 4 f — ^ 5 d energy 

separation (v = 1 msec, if A ~ 37000 cm~^, x = 9-10 

msec, if /\ 5^^ = 42000 cm~^) and t = 30 msec, in a site 

5 

with inversion symmetry [68], The 4 f 5 d state is relatively 
low lying (e.g. in ion in CaE2 iios't lattice A ^ 

is 68500 cm , whereas in Tb^ in the same lattice A E4f_4s 
is 46500 cm”^) . But the mixing is ineffective if the site 
symmetry has an inversion symmetry 

Hypersensitivity to microenvironment can also be 
explained naturally by consideration of mixing with charge 
transfer states, because charge transfer transitions are 
ligand sensitive. But, in order for this explanation to be 
a general onoj one must be able to show that mixing of charge 
transfer state with the states involving hypersensitive 
transition is more sigiificant than the mixing with Ihe states 
involving n on-hypersensitive transitions. 



It is to "be pointed out that charge transfer is an 
extreme case of polariza.tion (in -idiat is usually called 
polarization a partial charge is created, in charge- transfer 
a full charge is created)- Ihus, the success of the theory 
of Mason, Peacock and Stewert [41] based on mutual 
polarization of metal and ligand leads one to believe that 
a theory that includes mixing of states with charge 
transfer states will be able to account for hypersensitivity. 

It is evident from the above discussion, that the 
oscillator strength of the h3^er sensitive transition has 
structural information. The Mascn-P eacock-Stewert equation 
for the oscillator strength contains, in addition to known 
quantities such as the matrix elements and ligand polarizabi- 
lities, unknown quantities which are the required 

structural parameters - the coordinates of the ligand atoms. 

One, however, has more information than the total oscillator 
strength. All theories, in particular the M as on-l’ eacock- 
Stewert dynamic coupling theory, derive formulae for individual 
Mj ^ Mj , transiticns between the two J-manifolds each split 
into a maximum of (2J+1) components of different energy. 
Resolution of the experimental curve into component curves 
(assuming some specific band shape; the model about band shape 

can be varied to discover model-independent conclusions) can i 

! 

yield oscillator strength for individual Mj — i transitions. | 
The position of each Mj — ^ M j , transition is also predicted 

■ i 

by the dynamic covipling theory. Even thou^ nephelauxetic | 



shifts of larger magnitudes, cannot he accounted for hy this 
theory smaller shifts for each ^ Mj , transition from 

the parent frequency (of the order of 5 cmm^) are predicted. 

In many systems (e-g. the one’s studied hy us in this thesis) 
there is no nephelauxetic shift compared to aquo ion as the 
standard. But the individual Mj — Mj , transitions shift 
hy as much as predicted hy the dynamic coupling model. Thus 
one can theoretically compute a spectrum of well defined shape 
and oscillator strength for a given set of structural para- 
meters, if one makes a definite assumption about hand widths 
(e.g. , one can make the simplest assumption that the hand 
widths are equal). Two sets of structural parameters, which 
give identical oscillator strength may nOt give identical 
shape. The structure that gives the '’hest fit’* may he 
accepted as the hest average structure (average, because in 
a small flexible molecule one usually ha,s a mixture of fast 
interconverting structures). If this is a valid approach 
to structure determination, one’s obvious choice is the 

^D 2 hypersensitive transition of Eu^"^ ion. The 

ground state being singly degenerate, it gives only one state 
in all ligand fields. Thus the maximum number of transitions 
are five. This makes the effect ctf uncertainty (assumptions 
of hand shape and hand-width) less. A detailed cortputer 
search of this kind has been used in determination of the 
structure of lanthanide complexes of small molecules by NMR 
[69,70], In the case of NMR, there are assumptions of theory. 



which are difficult to remove unamhigously. The lack of 
information about the magnetic susceptibility tensor of 
complexes formed in solution makes the unambiguous inter- 
pretation of data cn contact shift difficult. Specific 
assumption about correlation time is also necessary for 
line broadening data. A combination of data on hypersensitive 
line shape and oscillator strength and NMR shift and broade- 
ning data will thus be more powerful than either technique 
on its Own. 

Researchers studying absorption and emission spectros- 
copy of lanthanide ccmplexes in soluticn, however, have not 
obtained structural information from oscillator strength 
and line shape of hypersensitive band. In general, workers 
have demonstrated that oscillator strength is environment 
sensitive and line shape also changes. 

Some workers [ 36 ] infer about the structure of complexes 
by comparison of their spectra with those of compotands of 
known structure. The similarity of the absorption spectrum 
of Hd^'*’ (aq) with Nd(BrO^) 9H2O in crystal it^stablishes 
the coordination number to be 9 and symmetry to be for 
the Nd(lll) aquo ion. Spectrum of Er(III) <aquo ion is similar 
to that of ErCl^*6H20, but differs from that of Er (BrO^) 9H20* 
indicating r. coordination number of six. The absorption 
spectrum of Bu(III) aquo ion is different from those of 
BuC 1^*6S20 and Eu{BrO^) 9H2O. Sayre et al. [ 71 ] assumed a 
coordination number of 8 and inferred a '^ 2 h symmetry (centre 



t: n 

of inversion) because the '~‘^o (elecrtric dipole) 

C *7 

and (magnetic dipole) transitions have similar inten 

sity. Presence of center of inversion in '^2h. 

electric dipole transition for hidden. The assigiment of a 

symmetry as hi^ as '^2'h.' consistent with the fact, 

stated earlier, that T2 aquo ion is known to be smaller 

than a mononitrate complex with perhaps a symmetry [45]. 

s 

Karakker [72] studied the shape (without detailed 
curve analysis) of the hypersensitive absorption bands of 
the p-diketonates of trivalent lanthanide ions. He showed 
that the spectra of six coordinate trichelates in polar 
solvents are akin to seven or ei^t coordinate conplexes. 
Presumably solvent molecules coordinate. Hydrated 8-coordi- 
nate chelates in benzene approximate to six or seven coordi- 
nate chelates when the solution is dehydrated. The dependence 
of spectra on coordination number is discussed. Coordination 
number determines the symmetry of the ion, if liganding atoms 
are the same. 

Fluorescence spectrum of Eu(IIl) chelates with p-dike- 
tones have been extensively studied because of -the possibility 
of application in the development of lasers. Brecher, 

Samelson and Lempicki [75] studied the emission spectra of 
the tris and tetrakis forms of p-diketone chelates in solid 
and in solution. Partial dissociation of the tetrakis foim 
was observed in solution. The fact that ^ scission 

should have onlj’’ cne peak if there is an unique species in 



solutxcn is used to establish the existence of the products 

of dissociation. The effective siite symmetries are proposed 

for the tetrakis chelated Eu^'*’ ion in crystalline foimi and 

in solution from the number of allowed emissicn bands. The 

5 7 

high environment sensitivity of the hypersensitive Dq—t'' '^2 
transition is emphasized. The authors contrast their result 
to the emission spectrum of Bu^"^ ion in CdE 2 crystal. The 
site symmetry in GdP^ forbids electric dipole emission and 
the intensity of emissim is two orders of magnitude less in 
CdE^ than in the chelates. The same group of workers [74] 
determined equilibrium constants for the dissociation equili- 
brium of p-diketcne chelates of Eu in different solvents by 
measurement of intensity of the peaks assignable to the disso- 
ciated and the undissociated species, in particular the 
5 7 

Dq — Eq emission intensity. Site symmetries are also 
inferred from the number of allowed transitions. Thus in 
these studies, number of allowed transitions is the main 
tool for structure elucidation, rather than oscillator strength. 
Emission intensity is used to determine eqviilibrium constant. 

Choppin et al. [75] measured the oscillator strength 

of the hypersensitive (^ 0 - 5 / 2 ’ "^^7/2^ ^3/2 ‘transition 

of 111(111) in acetate complexes of 1:1 and 1:2 stoichiometry. 
The oscillator strength of aquo ion, mono - and diacetate 
complexes are 7.9, 9.5 and 46 respectively (all in units of 
10 ^) . The tx'fo acetate complexes have distinct peaks. The 
shift for the monoaceta.te complex is -20 cm 


with respect 



to the aquo ion and that for the diacetate complex is 
-60 cm"”^. The spectrum of monoacetate complex is shifted, 
hut not enhanced and that of the diacetate complex is hoth 
shifted and enhanced. Thus if the shift (nephelauxetic) is 
due to covalency, the enhancement is more due to lack of 
symmetry than due to covalent effects. The author points 
out that in the monoacetate complex, perhaps only one H 2 O 
molecule is displaced and the microenvironment of the fid 
^II) ion remains almost the same as that in the fidClIl) aquo 
ion. Presumably in diacetate complex, more than 2 water 
molecules are expelled, fio effort has been made to determine 
the structure of the complexes. Choppin’s data and therefore 
his conclusions will perhaps change. In order to calculate 
molar oscillator strength of iJd(III) acetate complexes, he 
used potenti ometric data on fid( IIl)-acetate stability constants. 
It has been shown [76] that artifact of lanthanide hydrolysis 
introduces l^rge error in these values. If the stability 
constants are wrong, the values of molar oscillator strength 
are wrong. 

Hypersensitivity has. been used to distinguish between 
inner and outer sphere complexes with chloride ion [77]- 
Cl~ affects Nd(III) hypersensitive spectrum only at very hi^ 
(5-6 M) concentration, even thou^ weak complex formation is 
known to occur at much lower concentration. Choppin et al. 
conclude that at low concentration. Cl” forms an outer sphere 
complex with fid(III) i.e.. Cl” is separated from HdC III ) by a 


hydration layer. At hi^ concentration, inner sphere 
complex forms, i.e. , Cl~ binds directly to Kd(IIl) without 
the hydration layer standing in between. It has been 
stated earlier that Eu''^ hypersensitive intensity is affected 
at lower Cl” concentration. NO^” in sharp contrast forms 
inner sphere complex and enhances hypersensitive absorption 
even at a low concentration- 

In some pieces of work, the shift of the band position 
has also been used. Addition of IMP to the solution of 
lanthanide aq\?.o ions in nitromethane displaces water and 
shifts the lanthanide absorption band. Thus a titration 
is carried out and one obtains the coordination number of 

DICP to be 6 [36]. Shift of the ^ band in Pr(III) 

is induced by coordination of carboxylate and hydroxyl 
groups of the coordinating anion. The shift is additive and 
carboxylic end hydroxyl groups have their own characteristic 
shift values [36]. Shift has been correlated with Ln-0 
distance and coordination number from the study on compounds 
of known structure [36], The oxydia,cetate complexes of 
lanthanide ions in particular Eu-^ has been studied in detail. 
The fine structure of transition has been 

resolved. Symmetry of the microenvironmont has been inferred 
from the number of allowed transitions and coordination number 
has been inferred to be 9. The similarity of the spectrum 
of the tris-oxydi acetate ccsplex in solution to that in 
crystalline phase confirms the ccnclusicn about synmetry and 



coordination number [36,77]- Data on oscillator vStrengtii 
or line shapS has, however not beei used in this effort to 
determine structure. 

Bimbaum and co-workers [78] studied the differeace 
spectrum between I:ld{IIl)-BSA complex and nd(IIl) aquo ion 
and assigned the lands to binding of Hd(lII) by carboxylate 
groups. They find that the difference spectrum is very 
similar to that observed between 111(111) - acetate or 
other simple carboxylates and Hd(III) aquo ion. The diffe- 
rence spectrum of ird(III) aquo ion with jS'd(IIl) - amino 
acid (e.g. alanine) complex at a pH of 5*6 is ’'different’’ 
according to the authors. The authors do not clearly state 
the details of the difference. But it appears that they 
are referring to a difference in intensity and not in shape. 
They assign the difference to weaker binding with the carbo- 
xylate group in the amino acid. The weakness arises from 
the proximity of the ^oup to the COg group. Difference 

spectrum of Kd(IIl)-SLutamate at pH 5-6 resembles that of 
ird(lll) carboxylates. The binding at pH 5-6 is assumed to he 
through Y-cs,3rboxylate group. The HH^"^ group is now far off 
to influence the binding strength. The spectrum of Nd(lII)- 
Glutamate. complex at pH 3.0 resembles that of Hd( IIl)-alanine 
complex and other complexes of Hd(III) with simple carboxy- 
lates. The authors interpret the spectral features to be 
arising out of the binding of ird(IIl) to the a- carboxyl group. 
The Y^carboxyl group is protenated at this pH and is assumed 



not to bind. The spectrum of Hd{IIl)-histidine complex 
s-t pH 5.6 is similar to that of the Kd( I II) -alanine complex. 
The authors interpret the data to be arising from dhe bind- 
ing of Nd(III) >ri.th the carboxylate group. The imidazole 
is protonated at this pH and is assumed not to bind. At 
pH 7.0, Nd(III)-histidine complex is different indicating 
that imidazole, deprotcnnted at this pH, binds the metal ion. 
The assumption that a protonated group does not bind a metal 
ion because of electrostatic repulsion is not necessarily 
v,aLid. Binding may occur accompanied by deprotonation of 
the protonated site. Moreover, if the difference in the 
spectrum is only in intensity and not in shape, then the 
distinction has to be based on molar oscillator strength 
data. The weak difference spectrum may arise from smaller 
equilibrium constant of metal-ligand complex formation. It 
is only the molar oscillator strength that can tell about 
the binding site. The paper is a preliminery report. The 
conclusions are not firmly established. 

More excmples of similar application are given in a 
recent review article [36]. No serious effort has been made 
to use oscillator strength and band shape of the hyper- 
sensitive transitions in a quantitative manner on the basis 
of the existing theoretical models to extract structural 
information. 


An important difficulty arises from the fact that 
in solution, one usually has a mixture of different species 
There is NMR evidence for a monodoatate and hidentate 
coordination of lanthanide ion to the carboxylate group of 
an amino acid as veil as for the binding of Ln^ ion by 
the amino group and the carboxylate group in a chelate. As 
the molecule becomes more complicated, the number of possibi- 
lities increase. In aspartic acid, each carboxylate group 
can bind independently, A chelate may also form with both 
the carboxyl at es involved in binding. There may also be 
complexes of different stoichiometry. Thus in order to get 
spectral data for each structurally distinct molecular 
species one must know the concentration of each species in 
solution. The first step is to obtain overcll equilibrium 
constants 's) for the forma ticn of coimolexes of different 
stoichi ometr3-. Resolution is harder within a subgroup of 
complexes of the same stoichiometry, pH dependence of p^’s 
can separa.te out equilibria that release or consume protons 
from those that do not involve protons. Temperature dependence 
of |5j^*s cm establish simultaneous presence of an endothermic 
and an exothermic reaction. Spectral, studies are the most 
powerful techniques of resolving these elementary equilibria. 

There lia-S been controversy about t>ie values of the 
overall equilibrium cons tants ’ s of lent honide- amino acid 
eqmlibria, P otenti cmetric data [79] and data from electro- 
reduction experiments [80] indicate strong complases 10“^ 



to 10“^ M) . Recent NMR [SI] and solvent extraction data 
[82] indicate weaker complexes (E^ CH 0.1 to 0.5 M). Prados 
et al. [76] have shown that the earlier data indicating 
strong binding 2ur-e incorrect because of the artifact of 
lanthanide hydrolysis. 


The experimental quantities one measures in a titra- 
tion experiment to obtain equilibrium constants are as many 
free ccncentrati on values as possible in a mixture of a 
givoa total concentration of metal ions and ligand molecules. 
The dependence of the free c cncentraticn values of the total 
concentration values is then parametrized by the parameters 
p^^s, the overall formation constants. They appear in the 
mass balance equations (written on the assumption that only 
complexes of the t3pe ML^ form) ^ 

[M]j, = [W]j + ^ [M]j [I]j 

i 

[I'lj. == [I'f] + i Pj_ [^^]f [I'fl* 

i 


In a ^ectral e.g. RFIR titration, one determines free ligand 
concentration in a mixture of free and complexed ligand mole- 
cules by m^suring the average chaoical shift of nuclei in 
ligand molecules (fast chemical exchange is the usual situa- 
tion). The determination is easy if only lil canplex forms. 
In such a case one determines chemical shift of the ligand,:.- 

^-11 mil III III 




nuclei in the complexed molecule from the ITMR spectrum 
taken at high ratio, i.e. , vhen all the ligand molecules 

are complexed. 'The observed average chemical shift is given 
by 

^ obs ~ ^free ^ ^ ^complexed ’ 

where f is the fraction of free li^ind molecules, f can be 
calculated from this equation, all the 6's being known 
quantities. The same technique can be applied to determine 
free metal ion ccncoitration, if metal NMR spectrum is being 
observed [9]- If complexes of higher stoichiometry form ' 
then aie requires a more detailed computer analysis [ 85 ], 
where spectral parameters of complexes in addition to 
axe variables to be determined. The present author has no 
direct experience of the analysis of spectral titration in a 
complex system, but it is possible that the results may 
some times be guess value dependent. 

Weber [84] has pointed out that in spectral titraticai 
experiments using different forms of spectroscopy, one may 
not get the same equilibrium constant. He cites the example 
of the dissociation equilibrium between a nucleotide base 
pair studied by ultraviolet and HMR spectroscopy. The valuta 
obtained by the two methods, arc different. In his analysis, 
the 1:1 complex formed is a mixture of several structurally 
different complexes of the same stoichiometry. Thus the two 
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different forms of spectroscopy gives different wei^tage 
to the structurally different complexes.- The equilihrium 
constant determined is the sum of the different equilibrium 
constants for the competent 1:1 equilibria, which, in Weber’s 
analysis are differently weired before being combined, in 
UV and N MR spectroscopic analysis. In the analysis of Ihe 
author of this thesis, however such discrepancies cannot 
occur if the stoichiemetry is purely 1:1. The pK is equal 
to Ihe value of p[C] ([C ] is free concentration of ligand) 
at which half the maximum spectral charge is obtained, irres- 
pective of whether there is more than one distinguishable 
species of 1;1 stoi chi cane try. Complications arise only vhen 
1:2 species exist, without being taken into accoxxnt. Even 
at low concentratiaa they may affect spectral parameters 
substantially, and to different extents in different forms 
of spectroscopy. 

In some other titration experiments, the free (or bound) 
metal concentraticn is determined. One can use radioactive 
nuclei (^^Ca and and carry out millipore filtration 

or equilibrium dialysis experiments [6]. These well established 
techniques are applicable, only to macrcmolecules. Eor small 
ligands like amino acids, solvent extraction using radioactive 
nuclei has been used [82]* There is an alternative way of 
determining free metal concentration. If a small concentration 
of a metal ion sensitive reporter dye {e.g. mUrexide) with 



absorption or fluorescence spectrum is added to the solution, 
the metal ligand equilibrium is coupled to metal dye equili- 
brium. Thus, as free metal concentration changes in tiae 
solution, with change in ligand concentration in a titration 
experiment, iiie metal-dye equilibrium is displaced. The 
displacement can be spectrophotometrically measured with hi^ 
precision and accuracy. The technique has been used in kinetic 
experiments where metal concentrati on is measured as a function 
of time [6]. A range of dyes can cover a large concentrati on 
range. Metal ion sensitive electrodes are now commercially 

available and are very convenient devices [6], But no elec- 

2 + 

trode exists for any lanthanide ion. Ca sensitive electrode 

— ^ —1 

can measure concentration up to 10 ML . The reporter dyes, 
in contrast., can detect lanthanide ions as well as Ca ion 
and are sensitive to lower concentration values (in the case 
of'ca^"^). 

Bu-^ is the lanthanide ion of choice because (i) its 
size is very, close to that of Ca (ii) it has large hyper- 
sensitivity and (iii) of all the hypersensitive transitions 
of the different lanthanide ions it has the minimum number of 
compoaent bands. Amino acids as ligands are interesting in 
their own right. They and the peptides are also useful mod^ 
systems for the study of protein-metal ion interaction. There 
is a considerable amount of debate about the structure of 
metal amino acid complexes. For example. Sherry and co-workers 
[69] in tei*pret their UMR results cn ihe model that lifter 


lanthanide ions co-ordinate carhoxylate group of ajnino acids 
in a monodentate fashion, whereas heavier lanthanides co- 
ordinate in a bidentate fashion (both the oxygens co-ordinate). 
Williajns and co-workers [70] reach exactly the opposite 
conclusion. InvolYement of the amino group in chelation is 
also debated [76, 81]. The amino acids chosen by us (aspartic 
acid, glutamic acid, aspargine, glutamine) have the added 
complication of a possible co-ordination site in the side 
chain, 

Analysis of the titration data can be best done by 
computer programmes [83]. In the work described in this thesis 
we used a programme, written by Gans and co-workers [85] which 
can handle equilibria resulting in as many as twenty species 
simultaneously present in solution. The equilibria studied 
by us turned out to be stoichi ometrically simple, but the 
titration and data analysis procedures remain valid for more 
complicated systems to be studied in our laboratory later. 

The use of the reporter dye murexide for the measure- 
ment of free metal ion concentration in solution requires 
accurate values of metal-murexide equilibrium constants. Values 
of the accuracy desired by us were not available in literature. 
Thus we undertook the determination of these quantities. 

In Chapter H of this thesis we describe the methods 
of determination of lanthanide-murexide equilibrium constants. 
In Chapter III the methods of determination of lanthanide-amino 



acid equilibrium constaxits are described. Results cai the 

n 7 

oscillator strength and the line sh^e of the I>2N ^0 

hypers^sitive transiticn of Eu^"^ ion is given in Ch^ter IV. 
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Metal-Murexide Equilibrium 


In an experiment aimed at the quantitative study of 
m etal-li gand equilibrium in solution, one measures the 
ccncentration of free metal ion as a function of its total 
concentration and that of the ligand molecule. This is 
called a titration experiment. The data at each titration 
point are then fed as input to a computer programme designed 
to choose the most reliable model for the complex species in 
solution and their respective equilibrium constant. The 
free metal ion concentration is determined op ec trophoto- 
metrically. One measures A'Aj the difference in absorption 
between a sample cell containing a definite concentration 
of metal icn, ligand and a metal icn sensitive ''r^orter'* 
dye murexide, and a reference cell ccntaining an identical 
concentration of murexide and ligand (its presence makes no 
difference), but not metal ion. It can be shoi-.n (see later), 
that AA = A\e[I'iMu], where A, e is the difference in molar 
absorptivity of I'Mu (the metal-murexide complex) and Mu 
(murexide). [M4u] refers to the molar concQ3. tration of 
metal- murexide complex. The formula assumes an 1:1 metal- 
murexide complex, In the ccncentrati cn ranges- studied, this 
assun^tion is valid [1]. The total concentration of murexide 
([Mu]^) is known. The cancentraticn of free murexide [Mu]^ 
is obtained by difference. One can choose conditiens (see 
later in this chapter) such that [Mu]^ and [MMu] are measured 



very accurately (error less than 1%). Ihe concentration of 

[I'Mu] 




free metal [M3-f>is given "by the formula [Ml^ = ■“ 

Thus any systsnatic and random error in the value of 
is Carried over to an error in [M]^. If incorrect values 
of [M]^ are given o.s inputs to the progranne that analyses 
the titration data, one may get an incorrect model as the 
’’best fit model". Thus even if the solution contains only 
an 1:1 complex, the programme may claim to detect 1:2 and 
1:3 species Since the programme used is a 

Versatile one, one tends to believe such a result. If the 
error is large, the programme may fail to reach convergence. 
Even if the error in is not large, and somehow, the 
correct model is chosen, one will obtain incorrect values of 
stab-ility constants. Thus the accuz-acy and precision of the 
values of are crucial in the study of metal -ligand 

equilibrium. 


There are four earlier reports on' equili brium 
constants of matal-murexide equilibrium [1-4]. Three of 
them [1-3] ignore metal- buffer binding. Geier's [3] report 
is the only one that includes lanthanide-mur exi de equilibrium 
His primary interest was in the kinetics of the reaction. 

He determined the values of equilibrium constant to check 
that the ratio of the rate constants equal the value of 
equilibrium constant. The accuracy of the rate constants 
being 10-207. , a value of K of comparable acciiracy was enou^ 
for his purpose. He does not discuss the degree of precision 


associatiCEa 

of his measurement, hut quotes the value of ,,, 
to be 1.5x10'^ at 12°C and pH 4.0. He does not discuss the 
problem of buffer binding to metal. The buffer used and 
its ccncentratj. on are not even moaticned. [Mku] is directly 
determined experimentally from the ratio of A and .As, 

[Mu]^ is determined by subtracting [Adu] from [Mu]^, the 
total concentration of murexide. The concentrati cn of free 
metal icns[).i]^ is determined by subtracting [I'ldu] from [M]^. 


The ratio of [l&lu] to the product of [M]^ and [Mu]^ is 
calculated to give The values so obtaiined sliOw very 

hi^ precision. But these highly precise values lack accuracy, 
because metal-buffer binding has been ignored. It turns out 
that ignoring the latter introduces a. systematic error in 
these values. Balaji et al. [4] from our laboratory pointed 
this out. Almost simultaneously several other groups [5»6] 
stressed the obvious importance of recognizing that buffer 
binds metal, in addition to keeping the pH constant. 

The analysis of Balaji ot al. [4] proceeds as follows: 
The mass balance equation for the metal ion is 


[M]^ + 


+ [MB] + [MB 2 ] 


assuming that the metal ion forms only a 1:1 and 1: 2 complex 
with the ion of the buffer solution. This leads to the equa- 


[M]^ - [MFlu] 


[M] ^ (1 + ^]yjg ’ ■^IIB2' ^f ^ 


tion 


where is the concentrati cn of free biaffer ions. One 

r,.-, r mV r ^aop'oTent 

calls [M]^ “■ [x#Iu] = * because, this is vhat 

one would have calculated for [M]^ if one naively ignored 

buffer binding to metal. Further [B].^ [Bj^ since [B]„^JM]„, 
Thus ^ 




, an parent ^ actual 
[M]f‘ = [M]f (1+K, 


'^T ) 


At a given temperature and total buffer concentration the 
term within the bracket is a constant (called y) • Ihus 
j^^paretit (determined by ignoring metal-buffer binding is 
related to hy the relation 


K 


actuel _ j^apparent 


The two other concentrations that enter the calculation of 
^MMu affected by the presence of buffer, [MMu] is 

directly calculated by dividing the observed A A by Ae. 

[Mu]^ is obtained by subtracting [Mliu] from [Mu]^. Since y is 
a constant in a given experiment, g8-PPai*€3it hi^ily precise, 
but is clearly inaccurate, 

Balaji et al, [4] had correctly pointed out the effect 
of buffer, but did not evaluate the correction factor accurately 
Firstly thc^ used modified literature values [4]'- for metal 
buffer binding constant. These values obtained from pH titra- 
tion experiments have good precision but arc inaccurate due 
to large systematic error [7], Secondly, they used too higli 
a concentration ( 100 mM) of a buffer (acetate and phosphate) 



that binds metal ions very stron^y. Thus metal bound to 
buffer is substantial i.e. , the sum of and 

in the correction factor derived above is orders of magnitude 
greater than 1, Thus error in and makes y, Ihe 


correction factor, significantly inaccurate. This would not 
be so if the buffer chosen bound metal ions weakly. Then 


(^MB 

error in and 


*B^ ) would have been much less than 1. iny 


’MB introduce a ne^igible percaitage 


error in y Stated differently, [M]^ actual is obtained by 
subtracting the sum of [MB], [MB 2 ] » [MI^u] from [M]^. Thus 
if the sum of [MB] and [MB 2 ] is as large as it is in the 
experiments of Balaji et al. [4], a systematic error of 10% 
in Ejy^g and [7] introduces in ([MB] + [HBg]) an error, 

whose absolute magnitude is of the same order as [M]^. OChus 
it can make [M]^ go wrong by a few hxmdred percmt. Thirdly 
these authors used acetate buffer prepared from dried sodium 
acetate. In this method it is difficult to prevent moisture 
absorption complet^y. Thus the acetate concentration used 
by them in their calculation of y is incorrect. The same ' 
applies to the concentration of the phosphate buffer used by 
them. 


The ideal choice of a buffer would be one with a 
small but accurately and precisely known equilibrium constant 
for the association equilibrium with the metal ion. The pE 
of the acid or base used in the buffer should be close to the 
desired pH so that the buffer concaatratiai can be low. Good 



buffers [8] bind metal icsns weakly, but th.&.T binding const- 
ants to Eu^ are not known. In spite of small binding 
constants, binding of Eu^"*" to Good buffers cannot be ignored 
because of lii^ buffer concentration. If the buffer concen- 
tration is A., icr^ M and rv-v- 10, metal bound to buffer 
(calculated by assuming Buffer (free) = Buffer (total) is 
not at all negligible ( 7% ) compared to metal bound to 

murexide (typical concentration i Mu^ ^ =5x10”^ M, 

^Eu-Mu ' 3x10 at pH 6.5) • The problem is aggravated by 

the fact that several Good buffers react with murexide (see 
chapter III) leaving TES as the only choice at pH 6,5. 

The pK of TES is 7.5 which is different from the desired pH 
by 1.0 unit. This rules out the possibility of using very 
low concentration of buffer. At pH 5.0, Good buffers are not 
available, leaving, acetate buffer as the only choice. 

Acetate binds Eu^’*’ more strongly (K =i 134 at 15^0). 

Eu^'*’ - Acetate equilibrium constants available in 
literature [7] had hi^ precision and low accuracy. The 
authors estimate an error of loy. . Thus, a knowledge of 
accurate values of metal-buffer equilibrium ccnstants are 
necessary, but are not available. However, an accurate 
determination of these constants is possible if an accurate 
value of K is available. Thus one concludes that the 

* 54 - . ‘ 

stability constants of Eu - murexide equilibrium are best 
determined in the absence of a buffer. 



This would however make Ihe experiment considerahly 
more complicated. The experiment for determining metal— mure- 
xide equilibrium constant in the presence of a buffer, wovid 
have to be carried out as follows ; In a matched pair of 
cuvettes one adds identical volumes of the same buffered 
murexide solution. Then one adds definite volumes of buffered 
metal ion solution in one of them and an identical volume of 
buffer solution in the other. The difference in absorption 
(A a) is measured at a particular wavelength. The ratio 
of A A and the difference in molar absoacp tivity e at the 
same wavelength gives the concentration of [M'lu] at a particular 
titration point. [Mu]^ is calculated by subtracting [MMu] 
from [Mu]^. is calculated by subtracting [Miyiu] and metal 

bound to buffer from [Mj^. is thoa calculated. Any 

proton released on the formation of the complex I'&lu from the 
association of metal and murexide is ••swalloed’* by the buffer. 
One can get a large number of titration points easily, because 
addition of identical volumes of solution to both the cuvettes 
is mechanically done by a microliter pipette with admirable 
accuracy. If ctnewere not to use a buffer solution, the pH would 
change on addition of metal ions. The extinction coefficient 
is dependent on pH. The measured A A gives the correct value 
Of [IMu] only if the two cuvettes are at identical pH, in 
addition to having identical conc^tration of a murexide. 

Thus,, if one does not use buffer solution, one cannot do titra- 
tiai by repeated addition of metal solution in order to get a 



large number of points in one single experiment. The follow- 
ing method was adopted for the measurement of the concentra- 
tion of metal-murexid e complex formed on mixing definite 
concentration of metal and murexide 

(i) Method for measuremen t of [i#lu]; 

The accuracy and the precision of this experim.Qat 
depends critically on having exactly the same concentration 
of murexide in both the cuvettes. This is accomplished by 
weighing an identical volume in the two cuvettes in a semi— 
microbalsaico. The adjustment to identical volume is made by 
adjustable microliter pipettes. Then a cocktail of water and 
KGl (of appropriate concentration to make ionic strength 
0.100) is added to the reference cuvette and an identical 
volume of metal solution (in water, with identical concentra- 
tion of KOI) to the sample cuvette. The additions are made 
with the same microliter pipette. E^/en then the cuvettes are 
weighed in a semi-micro balance after the addition to check 
that the addi tionshave been identical. 

But the solutions are not buffered. This leads to 
a change in pH. on metal addition, which has to be adjusted. 
This is done by addition of a dilute HaOH solution ( pH 8). 
The ^proximate volume of the base solution needed can be 
estimated by a separate experiment carried out earlier. After 
addition of base, the solution in the cuvette is mixed and 
the final pH is checked by inserting a micro electrode into the 



cuvette. The pH is almost always within 0.0 5 pH units of 
the pH of the murexide solution in the reference cuvette. 

If it is slightly outside the range, a known small volume 
of 1-2 of lase or acid is added hy an adjustable micro- 
liter pipette to bring the pH to the desired value. ' 

To the murexide solution, in the reference cuvette 
one adds a volume of the solvent (an aqueous solution of 
ZClj p = 0.100 5 pH equal to that of the solution in the 
reference cuvette) identical in volume to that of the base 
added to the sample cuvette. This makes the total concentra- 
tion of murexide equal in the two cuvettes. WhiSi the micro- 
electrode is removed after the measuranent of pH in the 
sample cuvette, a little liquid is lost. This does not 
affect the accuracy of the measurement because once the base 
is added' and the solution is mixed in the cuvette, the 
concentration is fixed. The reason we worry about the volume 
of liquid is that it affects concentration. Since concentrat- 
ion is not affected by the loss of liquid at the time of 
removal of the microel ectrodej this loss is unimportant. !I3ae 
1-2 pi of liquid added for the final pH adjustment to the 
sample cuvette after the liquid in the cuvette has beai mixed, 
makes no detectable difference to concentration since it is 

•z 

added to a volume of about 2 ml (a factor of IC^). 

After a little practice, the vdume manipulation is no 
longer a serious source of error. The small difference 



(f\j0,0 5 pH luiit) in the final pH between the two ceils 
contributes to the error. Inspite of this, the standard 
deviation is 1-3/* • Detailed error analysis givea later 
shows that only a small part of this error comes from the 
inability to adjust pH exactly. 

The difference in the absorption of the two cuvettes 
k^t in thermostated cell compartments at the desired tempera- 
ture is directly measured in a Cary 17 D spectrophotometer. 

The reading is taken from the digital panel meter. This 
reading fluctuates in the third decimal place. 

The mean is easily obtained by taking an average by visual 
observation. The typical error is + 0.002. Thus 
if values of concentration are so choosm that the reading 
is sufficiently hi^ ( i. e. ''•J 0.100), the error is negligi- 
ble. The error is, for example, 0.4/^ if the reading is 
0.500 , a typical value. A is measured at 480 nm, the maxi- 
mum of the difference spectra between the spectra of MHu and 
Mu. The Value of A A measured as above gives the concentrat- 
ion of metal-murexide complex throu^ the relation AA = Ae 
[Mi4u]. The proof of this relation is given below ; 

( ii ) The relation h>A = As fMMu]; 

If tile experiment is carried out as described above, 
then, remembering that the complex is Ijl, one gets 

■^sampl e 


^l^Mu'^+ ^2^iu'^ is path l^gth) 



•Reference ^2^ ^Mu’^ 

Taking the diff ereaaee, 

A - ejyjy) *Ii 

^ ^FiMu*A ^ (setting! = 1 cm) 

—1 P 

e will have the units of M Cm if is expressed 

_3 

in M Cm and 1 in cm. 

( iii) Determination of A e : 

Murexide in a suitable buffer (ionic strength 0.100 
adjusted by adding ECl) is taken in the reference cuvette. 

An identical volume of the same solution of murexide is taken 
in the sample cuvette and is then saturated by a concentrated 
solution of Eu^'*' ion. The volume of Eu^"*" solution to be 
added is predetermined by an approximate experiment performed 
separately. The actual volume of Eu solution added is 
determined by weiring in a soni-micro balance. An identical 
volume of the buffer-ECl cocktail is added to the referee e 
cuvette by a microliter pipette. The same microliter pipette 
(100 pi) is used in both the additions. The difference in 
the two additions is thus always less than 1 pi. This is 
why a 100 pi pipette is preferred over, say, a 25 pi pipette. 
Tie equality of the volumes iu the two additions is checked 
by weiring the referoace cuvette after addition of the buffer- 
KCl cocktail. The difference in absorption of the two cuvettes 



kept in thermostated cell compartiDen.t at the desired tespera- 
ture is measured on the digital panel meter of the spectro- 
meter. The wavelength of measuranent is 480 nm, the maximum 
of the difference spectrum. 

The concentration of murexide after taking the dilu- 

■^JL 

tion hy Eu solution into account is equal to the concentrat- 
ion of Eu-murexide. There are enou^ Bu^'*’ ions to saturate 
both buffer and murexide. At pH 5.0, hi^er Eu^ concentraticn 
is needed to saturate buffer, because acetate binds Bu more 
strongly than does TES. The measured A divided by the 
concentration of Eu-murexide (expressed in moles cm”^) gives 
^ e (in M” Cm^) per mole. 

In the pr^iminary experiment that determines the 
concentration of Eu^ ion to be added in order to saturate 
murexide, one adds Eu^"^ ion soluticaa in instalmoits of 100 pi 
by a microliter pipette till addition of one more instalment 
of 100 pi does not increase A, A (after correcting for dilution) 
One then adds two or three more 100 pi volumes and confirms 
that l\k after three or four successive additions remains un- 
altered. Sometimes, one may find that small changes of ^ A 
are occurring and one is not satisfied about saturaticaa in the 
way described above, but the cuvette is overflowing. Then 
one has an idea about the order of magaitude of conc^tration 
needed to saturate the murexide solution, but does not know 
the exact cone ^tration. In the final experiment one prepares 



a more concenijrated Eu-^ solution and adds a volume calcula- 
ted on the basis of the experimaat done earlier. More metal 
solution has to be added in instalmaats till /_\ A does not 
change any more for three times in a row, thus ccxafirming 
that saturation has besi reached. The total volume of Eu^"*" 
solution , added is determined by weiring at the end. However 
if in the preliminary experiment, saturation is reached, one 
can add in a sin^e instalment all the volume needed to satu- 
rate and the volume can be measured by weiring. This is 
more accurate than the experimait in which, in order to 
confirm saturation, one has to make three additions and mix 
after each addition by tilting the stoppered cuvette- From 
time to time, a little liquid may ooze out throu^ the stopper. 
The error is small and avoidable if the stopper snu^y fits* 
Even then, we have always carried out the preliminary titration 
to a satisfactory completion so that the final experimait is 
done by an one-shot addition. The data for the determination 
of ^ e is presented in Table II. The first point in each 
separate experiment is, as discussed above, the most reliable. 
The other points are taken to confirm saturation. However the 
mean and standard deviation calculated from the two first 
points of the two sqjarate experiments turn out to be virtually 
identical to those calculated from all the points reported in 
the table. The difference between the two first points is of 
the same order as that between the points in a sin^e experi- 
ment. The reported mean and standard deviation are calculated 
by taking all the points into account. 
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(iv) Preparation of murexide solution ; 

Murexide used is of A.B.. grade. It is confirmed 
to be pure by elemental analysis in our microanalytical 
laboratory. Solutions are made by pouring an approximately 
weired amount of murexide in the solvent and filtering off 
the undissolved murexide. Measuraaoents are made immediately 
because the solution deteriorates rapidly (stable for rJ 1.5 
hours at pH 5 and for .V 3-5 hours at pH 6,5? at 25°C). 

(v) Determination of murexide concentration : 

Murexide concentration is calculated from the formula 
^Mu ~ wbere A is the absorption of murexide measured 

against a blank of buffer and KOI and e is the molar absorp- 
tivity, both at a given wavd-ength. Schwarzenbach and 
Gysling [1] reported the value of e at 5 2D nm, pH 8. 53» and 
an unspecified temperature. During our experimoats, we 
noticed a dependence of e on temperature. When a solution of 
murexide prepared at room temperature is allowed to equili- 
briate to a differaat tonperature in the cell compartment of 
the spectrometer, the reading of optical density on the 
digital panel meter changes monotonically to a constant final 
value. This observation prompted us to determine the values 
of molar extinction coefficient under the exa,ct experimental 
condition of pH, temperature and ionic strength, used by us. 



The extinction coefficient of murexide is determined 
at the desired temperature (15°, 25° ,35°C) , pH (5.0, 6.5) 
and ionic strength (p, = 0.100), hy dissolving a definite 
quantity of murexide (weired in a seni-micro "balance) in a 
1000 ml volume of solvent cocktail of water, KOI and buffer, 
in a volumetric flask. The experiment is repeated twice. 

The resvilts are- given in table III. Murexide was dissolved 
in deionised water, imnediateLy filtered in a millipore 
filter and freeze dried. The thermogram of freeze dried 
murexide showed no water molecules present in murexide. 

Thus the molecular wei^t used is that of murexide -without 
any water of crystallization (284.16). 

The values of e in Table III are determined at two 
wavelengths, 50 6 and 520 nm. The absorption maximum of 
murexide is at 520 nm. The choice of 506 nm is due to an 
error committed by a colleague who reported the maximum to 
be at 50 6 nm. Thus murexide concentration in all our experi- 
ments were determined at 50 6 nm. The value of e at 520 nm 
determined by us is close to that reported by SchwarzQibach 
and Oysling [1]» They report a value of 1, 355x10 M ^ Cm^ 
at pH 8,53 in veronal buffer. This value lies in between 
our values at 15°C and at 25°C. One pK of murexide is 9.2. 

Thus about 20/. of the deprotonated form is presoit at pH 8.53* 
We found that the value of e at pH 5*0 is identical to that 
at pH 6,5. This agrees with the expectation based on the 
values of pK. Sohwarzaabach [12] has givei the absorption 
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spectrum of murexide at neutral pH and that at pH 13. At 
the latter pH, two protons dissociate (pH = 9.2 and 10.5). 
Visual estimate on the plot given shows that the differoace 
in the extinction coefficient is about 5% • One expects 
iiiat the singlsr deprotonated species present at pH 8.53 
will have an extinction coefficient in between the two i. e. 
will differ from that at neutral pH by less than 5% . Thus, 
on the basis of pH alone, a differsice of f\J 1 % is expected 
between our value and that determined by Schwarzenbach and 
G-ysling [1]. One concludes, that the value of e determined 
by these authors is consistent with that reported in our work, 

(vi) Preparation of the metal solution : 

Eu^O^ (solid) obtained from Sigma Chemical Company 

(purity 99.9/. claimed by Sigma) was converted to EuGl^ (solid) 

by r^eatedly (3-4 times) evaporating to dr^aiess with analar 

HCl. EuCl_ is then dissolved in the desired buffer. 

3 

(vii) Determination of Eu concentration : 

The method used is that of titration with a standard 
solution of EDI'A [9,10] in a buffer of pH 5.0 with Xylenol 
Orange as indicator. The titration is carried out in a quartz 
Cell used usually in absOiptton spectroscopy. Acetate buffer 
at pH 5.0 and a drop of Xylenol Orange is added to the quartz 
cell. The weight of the liquid is determined by weigjiing the 
quartz cell in a semimicro balance before and after the addition 



of liquid. This wei^t gives the volume of the liquid. 

100 p-l of EuCl^ is now added from a microliter pipette to 
the buffer. The exact volume is detemiined by welding, 
eventhou^i the error incurred in assuming it to be 100 pi 
is r\J 0.5/* • A standard solution of BDTA is now added 
from an .adjustable microliter pipette. An initial experiment 
fixes approximately the volume needed for reaching the end 
point. In tile final titration, one adds a volume sli^tly 
less than the required volume and then ca.utiously adds 
microliter by microliter. Concentration of SDTA is kept at 
such a value that 300- 400 pi of EDTA has to be added. 

Thus if the determination of end point is incorrect by 1-2 pi, 
the error introduced is only 0.5/^ . After the end point 
is reached, the quartz cell is weired again to get the exact 
volume of EDTA added. The precision of this experimoit is 
about 0 . 5 /• • 

(viii) All optical density measurements were made on the Cary 
17 D spectrophotometer, equipped with thsrmostated cell 
compartments. Microliter pipettes of Oxford Laboratories 
Ireland or of Signa Chemical Company, U.S.A. were used. ■ Hot 
all the Sigma pipettes were of very good quality. The ones 
used were tested for their reproducibility by weighing out 
the liquid delivered. The 100 pi pipettes were good (cvo<0.5X 
error), pipettes of Oxford laboratories were clearly better 
and more suited for our work. Pipettes need main toiance for 
satisfactory performance over a long period. They were 


calibrated from time to time. Ibis is essential for precise 
work. Matched cuvettes of 1 cm path length, from M/s H^lma, 
En^and, were used for spectral measurement. Doubly distilled, 
deionized water was used in all the experiments. The specific 
resistance of the deionised water used was 1-2 Megohm-Cm. 

(ix) The data on the metal-murexide equilibrium constants 
at pH 5»0 and 6.5 and at three values of tanperature (15^» 

25° > 35°C) are sumaarized in Table I. 

(x) binding to murexide i 

KOI is present in very hi^ concentration in the 
solution in order to maintain ionic strength. Thus evaithou^ 
is expected to bind murexide more weakly than does Ca^'*’, 
one cannot ignore E"^ binding to murexide. We have used the 
following relation 

[Mu]^ = [Mu]^ - [MMu], 

But this is- only the apparent value of free murexide. How, 

[g^jactual^ l-ji^iapparent _ 

= [Mu]f 


(1 + Jin4u[E'"]free^ = 

As in the case of buffer anions total 

the concentration of EGl is much greater than murexide concen- 
tration (a ratio of 10^). 



Thus 


[Mu] 


actual 


apparent 

[Mu]^ 


1 + K. 


[K+] 


KMu 


Total 


-ry 


Since ^Total constant quantities, v^e get 


actual _ appareit 

= Y [Muj^"^ 


where y is a- constant in a particular experiment. Thus the 
quantity determined by us differs from the actual equili- 

brium constant by this factor y* The [Ml^ calculated using 
our values of hovjever is still correct. [M]^ = ^ 

[FMu] /[Mu] The factor y appears in as w^l as in [Mu]^ 

and therefore cancels out. In the metal -ligand titrations, 

K"*" has been replaced by Ka'*' from buffer at least partially. 
This introduces some error. In retrospect, this could have 
been avoided. One expects this error to be small. 


Determination of stability constants for metal-buffer systems ; 

Eventhou^ we did not require the knoxv^ledge of metal- ; 
buffer equilibrium constants for the determination of Eu- 
murexide equilibrium constants, we need these value for our I 

studies on metal-ligand equilibrium in Chapter III. Determina- 
tion of metal- amino acid equilibrium will require many titration 
points and one has to carry out additions of ligand to a buffered 
metal solution. The buffer concentration remains fixed in these 
experiments. In order to correct for metal bound to buffer, | 




we do not need to know the ''real*' equilibrium constant 
•which would give correct values of bound metal ions at all 
metal /buffer concentration ratios. Over a limited ccncentra- 
tion range, one may get an 1:1 binding model as the'best fit", 
whereas in solution both 1:1 and 1: 2 complexes form. Some- 
times one may get more than one binding models as equally 
satisfactory. We are, however, not worried about this problem. 
All we need is a number that correctly gives the concentration 
of metal ions bound to buffer in the concentration ranges 
encountered in the study of metal-ligand systems. 

The experiment is done as follo-ws : 

(i)(a) Preparation of TES-HCl Buffer at pH 6.5 : 

TES-HCl salt as obtained from Sigma Chemical Company 
is stored in a- dessicator. A definite amount is weighed out 
in a, semi-microbalance and is dissolved in water in a volumetric 
flask. The volume of HaDH of known concentration needed for 
making the buffer at a pH of 6.5 is cslculated and is added 
to the TES-HCl salt solution. The pH is measured after mixing. 
The final pH a,d3ustment is done by addition of HCl or HaDH 
from a microliter pipette. The total volume of liquid at this 
stage is close to the mark on the volumetric flask. The 

volume is notw made up to the mark. The error in the buffer 
concentration is 0.1/. . The error in weiring is insi^i- 
ficant because a large amount { 1 gm) is -vieighed. An error 

in the fifth place makes no difference. The error arises from 



the maximum error one coraaits in reading the mark on the 
volumetric flask. 

(h) Preparation of Ha Acetate- acetic acid buffer : 

A.R. Grade Ha2C0^ is heated in an oven at 240 ®C for 
2 hours. It is then stored in a dessicator till it comes to 
room temperature. A definite pre-calculated quantity of 
'Sa.^0^ is then weighed out and dissolved in water in a volu- 
metric flask. A precalculated volume of Acetic Acid of 
known concentration is then added. Final pH adjustment is 
made using a procedure identical to that adopted for making 
the TES buffer. The maximum error in the concentration is 
once again rvy 0.1% • 

(ii) Titrati on ; 

Murezide in a buffer solution of known concentration 
and volume (ionic strength 0.100 maintained by ECl) is taken 
in the sample cuvette. The volume is determined by weighing. 

To the reference cuvette is added an identical murexide solu- 
tion. One then adds metal solution of known concentration in 
instalments of 100 pi to the sample cuvette. An identical 
volume of buffer solution is added in each step to the reference 

A gives [MMu] at 

each titration point. The buffer concentration remains constant 
at the value used in metal -ligand titration experimaits (Chap- 
ter III). ' Tho metal concentration varies over the range used 



in liiese experiments. Since is kncwn, one can calculate 

[M]^ from the value of [Mi4u]- 

S+ 

For the Eu - T'ES equilibrium, one calculates K 

assuming 1:1 binding and that = [TES]^^^^. One 

finds that the ^gu-TES various points remains 

constant with a small standard deviation. Ihe values of E 

and the values of concentration used are given in Table IV. 

3 + 

For the Eu"^ - acetate equilibrium, the data are fed in the 
computer programme used to analyse metal-ligand titration 
data (Chapter IJI ) . The progra.nme accepts two binding models 
(1:1, or 1:2, metal^acetate) as almost equally satisfactory. 

The standard da'll ation is very small in either ca.se. Thus 
metal bound to buffer calculated by either 1:1 or 1:2 model 
gives identical result. ¥e used the 1:1 model. The results 
are given in Table V. If was varied over a much wider 

range, one of the two models mi^t turn out to be valid or a 
more complioa.ted modal, say one i^aich includes 1:1, 1:2 and 
1:3 equilibrium, would emerge as the unique model. The para- 
meters of this model would be the ''real'' equilibrium constants. 
We are however not interested in these real constants in these 
Cases, but are content with the effective constants valid over 
a restricted r;jnge of concentration. 

Estimate of -precision : 

In this section, we have used the following approxi- 

2 2 -^ 

mate rule. If C = A + B, then absolute error of G, 



if the errors in A and B are uncorrelated. If C = k/B or 
if C = AB, the relative error in C, )^ > if 

errors in A and B are uncorrelated [ill. 

(1) The concentration of metal ion is determined from 

the formula 

Cm = [H] = 

and 3-^® determined by weiring. The maximum uncer- 
tainty in reading the wei^t in our semi-microbalance is 

0.00005 g. Thus, measurement of volume by weiring is 
uncertain by 5x10 ^ ml. The error is in the fifth place of 
decimal if the volume is expressed in milliliter. The 
ratio correct to the fourth place of decimal. The 

concentration of EDTA solution has a maximum uncertainty 
of f\J 0.5% > because of the uncei'tainty in reading Hie balance 
and the mark on the volumetric flask. An uncertainty of 
0.00005 g in a t^.pical weight of 0.01370 g is /'^0.57. . The 
maximum uncertainty in reading a volumetric flask isr''v/0.27. 
in a 25 1x1 flask and is '^^'0.1 7 fox the large flasks. The 
EDTA solution is made only once. So, the uncertainty in its 
concentration shifts the mean value of the c oricentration of 
metal solution, but does not introduce any random error. The 
error in reading the end point introduces a standard deviation 
of 0^5/. in the concentration of metal solution. The 
stock metal solution is then diluted in the cuvette. Since 


'EDTA ^ '^^(BDTa) 


7 2 ( metal s olu ti orlj 
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the dilution is done by ■weighing, the dilution factor is 

correct to the fourth place of decimal. !Phus error in the 

final metal concentration in the cuvette is also 0.5%. 

This means a typical value of 6.731xlO~^ has a standard 

deviation of jp .054x10 ^ ML We still quote the metal 

,co4beutr‘ation to the third decimal place (in units of 10~^ 
Ml”^) in Table I, to avoid truncation error. Taking 6.731 
as 6.73 in the case cited above is biased because, a re— 
determination could lead to a mean value to be 6.737 and then 
one would truncate it to 6.74. 

('2) The error in e arises from (i) the error in reading 

the v^ue of absorbance on -the digital psaael meter of the 
Spectrometer, (ii) error in reading the weight on the balance 
and (iii) error in reading the mark on "the volumetric flask. 
The values of O.D. used in determination of e are in the 
range of 1. The maximum error is 0.37- * The maximum 

error in weight is {\> 0.0 27 - • '^^6 maximum error in reading 

the m'ark on the 1000 ml volumetric flask is x/ 400 ifL i. e. 

<1/ 0:.;047 • Thus the maximum error in. e is o.j 0.4.y, . The 
standard deviation of the two measurements made is ^ O.l^ * 

In these two separate experiments, the different steps (i.e. 
absorbance measurement, weiring and filling in the volumetric 
flask) were carried out separately. Standard deviation is 
about one- third of the maximum error. Thus the standard devia- 
tion of 0. 1/, is close to (perhaps sli^'tly less than) the 



standaxd deviation one would get from, say five measurements. 


(3) 




A 


A 


'mu 


The maximum error in ^ A is 


(0.002 in 0.600 , a typical value), a'fe saturation is 

equal to the Now Taking the standard devia- 

tion [6] to be one-third the maximum error (e ), one gets 
the standard deviation in A to be 0.001 ( (-^0,2'/^ , o for 
e is ^ 0 . 17 . . Thus a for and is ^v^O.257 • ^ 


for e, then becomes r\j 0,47- • ®ie measured standard devia- 
tion is 0 . 57* • 


(4) As discussed above o for [Mu] is ^ 0 , 25 */. , 

(5) [MMu] = TiA/A^* ^ [MMu] is calculated to be 

0 . 6 7> • 

(6) [Mu]^ is in all cases 50 7* of [Mu]^. Thus 

[Mliu] Thus the relative error of 0.67 [MI4u] 

corresponds to an absolute error which is 0.6/, of [Mu]^. 
The relative error of 0 , 25 /* [Mu] corresponds to an. 
absolute error which is about 0.57 of [Mu]^. Thus if 

■ [Mu]^ = C, then Pq cr' [(0. 6x10"^) ^ + (0. 50x10"^) ^ 0^]"^^^^ 

(0.8x10”^). This means a relative error of O.S/. in [Mu]^. 
The error would have been larger if [Mu] is almost saturated 
i. e. if [lyMu] ^0.8 or 0.9 of [Mu]^. 

(7) [M] ^ = [M]y - [mu]. In all cases, we have chosen 
the values of ccn centra ti on such that [M]^^0.5 [M]^. Thus 
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the relative error in [M]^ is 0.8'/, , equal to that for 

(8) The relative error in £ , . calculated to be ratio 

• diss 

[M]^[Mu]^ 

is rsj 1.3/* • The precision calculated from the 

[ffl^u] 

several measurements of K,. ^ is of this order. 

cLi s o ^cx ct OX un 

Thus the complication of pH adjustmoit in the cuvette does 
not lead to any substantial additional error. 

(9) Three concentrations are directly determined, [M]^, 
[Mu]^ and [l^IMu] ; two are calciiLated by difference. The 
values of concentration in Table I are quoted to third place 
of decimal (in units of 10”^ ML” ) , eveniiiough the error is 
in the second place. Biis is done to avoid truncation error. 
The philosophy is to keep each quantity to one place of 
decimal beyond the place where error has its first significant 
digit. The truncation is to be done at the last stage- 

has been quoted to third decimal place (in units of 10 
eventhou^ it has an error in the second place (sometimes 
barely in the first place). This is so, because ^jjxssociation 
is not the final quantity of interest to us. For us, the 
final quantity is [M]^. It is calculated from the formula 
[M]^ = x [jyiMu] /[Mu]^ and has a calculated relative 

error of r\y 1.6/. . This introduces a maximum error of 1 in 
the second decimal place of p [ cone ent rati on] . The format of 
the cGdputer programme used takes input as p[concentratian] 



to third decimal place. Per example 6.500xl0~^ ML"*^ has an 
error of +0.104x10 . In the p [concentration] scale, the 

mean "becomes 4.187. In the p-scale 6.60x10”^ is 4.1SL and 

_5 . 

6.40x10 is 4.194. Thus in the p-scale one xrites 

4.187 + 0,007. So the input free concentration in the p-scale 

has an error in the third decimal place. 

(10) The toial concentration is fed as input to the 

programme to second decimal place (in units of 10”^ . 

The error is also in the second decimal place. 

(11) Our balance was calibrated with a standard wei^t 
supplied by the manufacturer. 

(12) In retrospect, we could have removed the small un- 
certainty in the concentration of metal solution if EDTA 
solutions were always made in 100 ml volumetric flask. The 
wei^t of EDTA would have been larger, so as to make the 
error in readiiig the balance an insignificant error. 

( 13 ) In (6) and (7) above, we have pointed out that the 
error in [M]^ and [Mu]^ is kept low choosing [i-'iMu] 50 % 

[M]y and [Mu]^. Since [M]^ and [Mu]^ are determined by 
subtracting two quantities, one has to follow the Golden rule 
that one should never determine a quantity by subtracting two 
almost equal numbers. A look at the Bu-Murexide stability- 
constant at pH 6.5 and 15°C show that points where [M]^ and 



[Mu]^ approach. 30/. of [M]ip and [Mu]^ (points 1,5 >6) increase 
the standard deviation. Thus saturation must he avoided. 

(14) Eu-TES equilibrium constant has an error in first 
decimal place. The equilibrium constants are therefore 
quoted to two decimal places (e.g. 5.65 + O.56). The error 
may have arisen because the 1:1 binding model is an approxi- 
mation. But the accuracy was sufficient for cur purposes 
(Chapter III). 

(15) A typical value of acetate equilibrium constant is 

148.22. The standard deviation is 1.647* +2-36. Thus 

the mean vsO-ues used are quoted to first decimal place. 

(16) The Tjrecision of the pH measurement : The Phillips 
pH meter used has a graduation at intervals of 0.1 pH unit. 

If the needle is half way throu^ between two successive 
graduation, visual observation can rou^ly detect this. This 
does not inaeji that one puts the needle in the midpoint between 
two marks, say 6.4 end 6.5 and takes it as b.45. But this 
still means that the maximum error is of the order of O.O5 

pH units. Since pH measurement is made only once, csie 
should quote the values as 5.00 + O.O5 and 6. 50 + O.O5, 
where O.O5 indicates the maximum error. 



able I(i) : Dissociation constant of Eu-murexide complex at 
pH 5.0, 15°G 



Table l{ii) s Dissociation constant of Eu-murexide complex at 
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Tablel(iii) ; Dissociation constant fof Eu-murexide complex at 



11.692 8.176 0.554 4.183. 7.511 3.995 7.177 


Table I (iv) ; Dissociation constant of Eu-mur exi d e complex at 



Table I (v) s Dissociation constant of Bu-murexide complex at 
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Table I (vi) : Dissociation constant of Eu-murexide complex at 
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T&ble II. M 6a,sui? effleni; of e ai; differEati pH and 1; snip erasure 
Wavelengths 480 nin 


(i) pH 6 . 5 j 15°C 


iWL~^) 

A 

^>-^ 480 ^-°'^ 

(ir^Cm^) 

Mean A e^gQXlo'^ 
(M-^Cm^) 

(a 

) Experiment ; 

L 


5.178 

0. 678 

1.509 


4.956 

0.646 

1.509 


4.716 

0.618 

1.511 

1. 51 2 (+0.00 5) xio”^ 

(h) Experiment 

2 


5.056 

0.665 

1.516 


4.820 

0.654 

1.515 


4.620 

0.608 

1.516 


(ii) pH 6.5 

, 25 °C 




A A 

A £430x10'' 

7 

Mean Ae43QXl0 

(ML'‘^) 


(M'^Cm^) 

(li”^Cm^) 

(a) Experiment : 

1 


5.571 

0.690 

1.285 


5.156 

0.659 

1.285 


4.920 

0 . 651 

1 . 282 

1. 289 (+0.005) xio"^ 



(h) Experiment 2 


6.104 

0.790 

1. 294 

5.851 

0.755 

1.295 

5. 582 

0.721 

1. 292 



98 


(iii) pH 6.5, 35°C 



A A 

^'■■^480^^'^'^ 

Mean Zn. e^QQXlo'^ 

( a) IScp eriment 1 


5.695 

0.722 

1. 268 


5.438 

' 0.691 

1.271 


5.204 

0. 660 

1.268 

1. 264 (+0.00 5) xlO*^ 

(b) Experiment 

2 


5.879 

0.742 

1.260 


5. 614 

0.707 

1.259 


5.374 

0.675 

1. 256 


(iv) pH 5. 

0, 15°C 




A A 

A c^gQXlo'' 

_ _ 

Meeai /;le^gQXlO' 

(I4L"^) 



(i.r^Cm^) 

( a) Exp er im ent ■ ; 

L 


6.735 

0.929 

1.379 


6.479 

0 . 895 

1.381 


6. 242 

0.862 

1.381' 


6.0 21 

0 . 830 

1.378 

1.3S5(+0.OO6)xlO^ 



(b) Experiment 2 


6. 273 

0.870 

1.388 

6.040 

0.842 

1.394 


5. 850 


0.812 


1.393 


99 


(v) pH 5.0, 25°e 



A A 

(ML^Cm^) 

7 

Mean A e^QQXlO' 

( a) Exp eriment ; 

1 


3.755 

0.506 

1.348 


3.623 

0.486 

1. 341 


3.503 

0.474 

1.355 


3.390 

0.456 

1.345 

1.35l(+0.006)xl0'^ 

(b) Experiment 

2 


6.509 

0.885 

1.360 


6. 226 ■ 

0.845 

1.357 


5.966 

0.806 

1.351 


(vi) pH 5. 

.0, 35°C 




A A 

^e^goxio"^ 

Mean A £400^10'^ 



(jr^Cm^) 

(iT^Gm^) 

(a) Experiment 

1 


6.009 

0.797 ' 

1.326 


5.750 

0.760 

1.325 


5.512, 

0.734 

1.332 


5.293 

0.705 

1.331 

1.325(+0.004)xl0'^ 

(b) Experiment 

2 


4.913 

0.648 

1.319 


4.709 

0. 623 

1.323 


4.521 

0.598 

1.323 


4. 348 

0.575 

1.320 
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Talle 111,1 Extinction Coefficient of Murexide. 
•Experiment 


Weight of murexide = 0.0 2180 gus/lOCC ml 

Concentration of murexide= 7.672 x 10 “^ 


Temp erature 

O'- . D . at 
506 nm 

O.D. at 
520 nm 

e^^^xio'^ M-^Cm^ 

e^^xlO*^ir^Cffl^ 

35 '^C 

0.946 

1.015 

CM 

• 

H 

1.323 

25 °C 

0.956 

1.027 

1 . 246 

1.339 

15 °C 

0.967 

1.045 

1 . 260 

1.362 


Experiment 2 ; 



Wei^t of murexide = 

Concentration of murexide= 

0.0 2272 gms/lOOO ml 

7 . 99 5 x 10" 5 ML~^ 

Temperature 

O.D. at 
506 nm 

O.D. at 
520 nm 


iC^Q m 2 e ^ 2 ^x 1 0 ^ 

35 °C 

0.986 

- 

1.233 

- 

25 °C 

0.998 

■ 1.074 

1.248 

1.343 

15 °C 

1.008 

1.094 

1 . 261 

1.368 


MBAH VALUES 

= 1 . 233 (+0.000) xio"^ ir^CmS = 1.323xlo'^ 

35°C ” 35 C 

= 1. 247 (+0.001) xio"^ M"^Cm^; = 1. 34l(+0.002)xlo'^ ir^Cm^ 

25°C 25 C 

= 1.260(+C.00O5)xl0'^H"^Cm2; = 1.365(+0.003)xlo'^ 

15°C ” 15°C 

The measureiii ents reported are at pH 6.5. Identical ■values are 
obtained at pH ^•O. 



Table IV ; Effective stability constants for Eu-TBS Equilibrium 
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Mean K = 5.65 (+0.56) 
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Table V(ii); Effective stability constant for Eu-acetate equilibrium 
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CHAPTER 3 


MHDIL LIGAITO IQUILI BRITO 


Complex formation of the lanthanide ions with amino 
acids has been extensively studied. Techniques applied have 
been p otenti ometric titration [ 1 - 4 ], polarography [ 5 ], solvent 
extraction [6,7] and spectral titration using NMR spectroscc^y 
[8-11, 13]* Cefola et al. [1] reported stability constants 
of Ce^'*’, Pr^''', La^"^ and Nd^"^ with ^ycine, p-alanine and 
aspartic acid. The values reported are large (e.g. log 
log = 3*30 in Nd^t. Glycine equilibria, log E^ = 5-40, 

log Eg = 4.08, log E^ = 3.06 in 151^1 aspartic acid equilibria, 
log E^ = 3.04 in Kd^t p-alanine equilibrium, T = 30 °C). The 
metal ligand ratio used is 1 : 12 , 1 : 3 , Isl i.e. ligand is in 

mm O 

excess ( lo” M) . The authojra ccnsider data below pH/^ 6 
only, to avoid effect of hydrolysis of lanthanide ions. The 
data were analysed using Bierrum plots. Jones and VUlliams 
[ 2 , 3 ] studied the complex formation between histidine and a 
variety of lanthanide ions. They use a computer programme 
(called SCOGS, developed by Perrin and Sayce) to analyse the 
data. The programme rejects the formation of hydrolyzed 
species and polynuclear complexes. The model accepted by 
the computer programme assumes the simultaneous presence of 
two 1:1 equilibria and one 1:2 equilibrium leading to the 
formation of [Ln(Hist) ] ^'*', [In(Hist) g]"^, [Ln(His1fi) The 

formation constants are high (e.g. in Ed -histidine system j 

log p (Nd-hist) - 4.40, log p (Ed(Hist) 2 )= 6 . 59, log p (Ed(HistH) ) = 
11.77 at 25 Ref. 2). Sekhon and Chopra [4] report values 


of stalaility constant of the equilibria between the metal 
3+ 

i cn Ce and amino acids leucine, valine, proline and hydroxy- 

proline. They analyse the data using ELerrum plot and do not 

take the effect of hydrolysis into account. They report a 

stoichiometry of 1;1 in the pH range 6-7.5 and the values of 

stability constants are large (e.g. log in Ce^'*’-valine 

equilibrium is 5.02 at 25°C) . lal [5] has r^orted polaro- 

3+ 3+ 

graphic study of Eu -proline and Eu -tryotophan equilibrium. 

3+ 2+ 

Eu undergoes one electron reduction to Eu in the first 

step and the p ol ar ographi c wave associated mth the reduction 
is shifted to more negative potentials with increased concen- 
tration of amino acid. The magnitude of the shift is a measure 

of complex formation. The pH alters from 2.3 to 5.1 during 

3+ 

the titration. He concludes that Eu forms both 1:1 and 1:2 
complex with proline. The formation constants are = 0.3 
and ^ 1.1Q, In sharp contrast the value of for Eu"^ - 

tryptophan association equilibrium is large - 6.25x10^. The 
metal - amino acid concentration range covered in the experi- 
ment on metal-pr oline system is large and extends up to very 
large excess of ligand. Tanner and Choppin [6] used solvaat 
extraction technique to study complex formation be twesi 
Glycine and C e^"^, Bu^'*', Pm^'*', Am^, Cm^"^ at a fixed pH. The 
technique utilises the phenomenon that complex formation in 
the aqueous phase affects the extraction coefficient of the 
metal ion into the organic phase by dincnyl napthalene sulfo- 
nic acid. The extraction coefficient is measured by counting 
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radioactive metal nuclei in the two phases. The stahility 

constants so determined are small in magnitude (e.g. Eu^’^- 

Glycine equilibrium constants at pH 3.64 are 4.1 at 0°C, 

5.0 at 25°C , 6.0 at 40°C , 8.0 at 55°C) in sharp contrast to 

the results of Cefola et al. [1] cn Hd^"*"- Glycine system by 

potentiometric titration (log = 5 . 71, log K 2 = 3 - 50 ). 

Tanner and Chop pin determine K as a function of temperature 

to determine and find that the complex formation is 

endothermic for all the systems studied by them (e.g. for 

Eu^’*’- Glycine complex formation, = 2.3 kCalmole"*^) . 

The complexes are stablised by favourable values of A S°. 

The entropy change in the lanthanide-^ycinate equilibrium 

is comparable to that in the lanthanide-acetate equilibrium. 

This result indicates that the effect of complex format! on 

on hydration is comparable in the two cases. The lower 

stability of the ^ycinate complex compared to that of the 

acetate complex is probably due to the decreased ionic attrac- 

3+ + 

tion in the Zwitterionic complex M -02C-CH2-NH^ than in 
the acetate complex where the positive charge on the ligand 
is absent. To verify that the liganding species is the 
Zwitterion (and not the aniaa in a chelate), an experiment 
on Eu^"*”- Glycine system was carried out at pH 5»82, A change 
of pH from 3,64 to 5.82, increases the Zwittericn concentra- 
tion by 10*/- , whereas anion concentration is increased by a 
factor of about 100. At this pH assuming that complexing 
is due to the Zwitterion only a value of = 6.2 is obtained 


Ill 


at 40 ®C, which is equal to the value of determined at 

pH 3*64 at 40*^0, assuming that the Zwitterion alone lands. 

Thus Tanner and Choppin [6] conclude that metal ion hinds 

amino acid through the carhoxylate alone and does not form 

a chelate involving and CO^ , accompanied by the release 

of the ammonium proton. These authors do not state the 

concentration of metal ion used, but ligaid concentration 

was varied between 0.01 to 0.1 M. Aziz and Lyle [7] use the 

same technique to determine Eu^ -alaninate staHlity constant. 

The value reported by them is 5*51 at 25°C. The pH of the 

experiment is not explicitly menticned, but is presumably in 

the same range of Tanner and Choppin who determined the E 
"5+ 

for Eu-^ - ' ' Glycinate ’ ’ , whereas Aziz and Lyle report data 

for Eu^"*" - ’’alaninate''. Sherry, Bimbaum and Damall [9] 

studied the equilibrium between Nd^'*’ and histidine and alanine 

by spectral titration using NMR spectroscopy. The r^orted 

values of stability constant are 2.0 (Hd^’^-histidine, pH 4.0} 

and 6.5 (Nd^’^- alanine, pH 4.0). This work provides evidence 

for 1:1 mon edentate complex below pH 5*0 and 1:1 bidentate 

complex above pH 6.0 in Hd^'^-Mstidine system. At high metal 

concentration two metal ions bind one histidine molecule. 

The binding sites are inferred from the data on contact shift. 

The monodentate complex co-ordinates through the carhoxylate 

group. The bidentate co-ordination is throu^ the carbcxylate 

and the imidazole nitrogen The hypothesis of co-ordina- 

.5"i" 

tion throu^ iiBidazole nitrogen is tested /by st’udies of Nd 
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binding to 1-methyl and 3-ffiethyl histidine- The latter 

follovjs the pattern of histidine, whereas the former shows 

only mcnodentate co-ordination. Sherry, Yoshida, Einibaum 

and Damall [10] deterrained stability constant of complex 

3+ 

formation, between hd and several ainino acids and other 
carboxylate ligands by spectrophotometric titraticn using 
NMR and by p otenti ometric titration. Their data csi potentio- 
metric titration is analysed by the same programme SCOGS used 
by Jones and Williams [2]. The authors mention that the 
p otenti ometric data indicate substantial hydrolysis at pH 7.0. 
They observe that even though Jones and Williams [2] do not 
include any hydrolysed species in their calculation and 
presumably they do include them, -their results agree. It 
remains unclear, however, how a value of 230 for K (data of 
Sherry et al. [10] for Kd^’'’-histidine) can be "thou^t to be 
in agreement mth a value of log p = 4.40 for Nd(hist) and 
log p = 11.77 for Hd(histH)^'^ for the two 1^1 stability 
constants reported by Jones and Williams [2] not to mmtion 
the finding of the latter authors that 1; 2 complex also forms. 
There is no discussion on the importance of hydrolysed speeies. 
If there are hydrolysed species in solution, the system 
requires more than one stability constant for its descrip -13-091. 
The value of 230 of K (Hd^'^-histidine) is perhaps a composite 
1;1 stability constant. 

In the HMR spectral titration, Sherry et al. [10] 
used Total ^ and [Ligand] = 0.05 - 0.10 M. 
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If K=10 , "tile degree of saturafioi of metal ions vary between 
0,28 to 0,54. If K:=1, the variation is between 0.04 to 0.10. 

A linear Schatchard plot in this limited range of saturation, 
however, does not establish the stoichiometry to be 1:1. 
Deranleau in a very enli^tening discussion on the theory of 
the determination of stability constaats of weak complexes [14] 
has shown that the presence of multiple equilibria shows up 
as non-linearity (unless the sites are equivalent) in all the 
well-toaown graphical plots normally used for data analysis, 
such as Schatchard, Benesi -Hildebrand or Scott plot. Of these 
Schatchard is the most sensitive. The degree of saturation at 
which nonlinearity of a Scatchard plot is clearly detectable 
depmds on the values of the stability constants, Deranleau *s 
calculations show that for = 10 and = 1, Ihe Schatchard 
plot is linear between S = 0,2 and S = 0.5, but any slope or 
intercept obtained by extrapolation of this limited data will 
be incorrect, because below S = 0.2, the slope is somewhat 
different. Por = 10 and = 0.1, nonlinearity is visible 
even within the restricted range S = 0.2-0. 5. Deranleau has 
shown that in the presence of multiple equilibria, the limit- 
ing slopes and intercepts are complicated functions of and 
^2 8hLd the corresponding spectral parameters e^, or 6-^f 5 2 
(depending on whether absorption spectroscopy or HMR spectres 
scopy is being used). However in order to obtain the limiting 
slope, and intercepts in the limit of S — 0 and S ^ 1, 
data over wider range is essential. Apart from Ihe defect of 
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not having detected multiple equilibria because of cbsenred 
linearity in a limited region of saturation^ these experiments 
may have the shortcoming of having studied only very low 
saturation (S 0.1), region, in those cases where E is 
closer to 1 than to 10. Deranleau [14] on the basis of a 
formula for the relative error derived by Weber [15] has 
pointed out that a satisfactory accuracy of the values of E 
is obtained only between the degree of saturation 0,'2^0.8. 

This point has also been discussed in Chapter II. is 

found to be in error at both low and high saturation limits. 
Thus the results of Sherry et al. [10] based on potentio- 
metric and BlIR titration experiments indicate that the values 
of equilibrium constants are small, but their quantitative 
accuracy is doubtful. Thus the agreement between two sets 
of data is also not very meaningful. The claim of agreement 
between their p otenti ometric data and those of Jcn.es and 
Williams [9] is unfounded. Sherry and Pascual [11] deter- 
mined the stability constant of alanine 'sh-th several lantha- 
nide ions at pH 3 at 24°C (p = 2. 2 M ). They report a value 
of E of 0. 7+0.1 and an 1:1 stoichiometry for all Hie lantha- 
nide-alanine complexes. Their method (the same methcid is used 
in the earlier work of Sherry et al. [10]) is based on the 
equation 


1 

A obsd 


1 
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where [M] ^ is the total cone eat rati on of metal, A q is the 
chemical shift of the complez (observed on saturation.) 

^^ohsd measured chemical shift in a ’’fast exchanging* ‘ 

mixture containing free ligand of concentration [1]. Ihe 
equation holds for a stoichiometry of 1“1. !mus a linear 
plot of l/Ao-bsd o 

l/E^o^^l'^^o 1^'fcercept. is then calculated. A knowledge 
of [1], however, presupposes a knowledge of K. Ohus, a plot of 
l/Z'-obsd [^] gives a best fit for K, which is then 

used to calculate [L]. The new plot of 1/,, obsd 
gives a better value of E, which in turn gives a better 
value of [L]. The iteration is continued till ^ 0.1. 

The concentration range used is [M] ^ =0,2 M and [1]^ = 0. 2--0. 8 
M. A value of 0.7 of K gives the range of the degree of 
saturation of metal ions S to be 0^1-0.55. The range is 
limited. The hipest saturation achieved is sli^tly above 
the minimum acceptable degree of saturation (0.2), according 
to Deranaleau- Weber cri terion [14,15] . The range is insuffi- 
cient for detecting multiple equilibria. The value of 0.7 
at pH 3 is lower than the value of E of 6.5 for Nd 
alanine at pH 4 [10]. This is explained by the incanplete 
ionisation of the carboxylate group at pH 3* Deranaleau [14] 
has stron^y advocated the use of the entire saturation curve 
in the determination of thermodynamic (E) and spectral para- 
meters (6 or e) in a spectral titration rather 1h an the 
limiting slopes and intercepts. This requires the use of a 
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computer prograjnme for data analysis. Lenkinsld., Elgai/ish 
and Reuben [ 12 ] have proposed an algorithm for the charac- 
terization of weak molecular compjlexes from HfrlR titraticai 
data and have discussed the criteria for the reliability of 
the results. The association equilibrium studied by them 
is that of DMSO TArith Eu(fod)^, the well knox^mi shift reagent. 
The reliability criteria is a generalisation of Deranleau's 
criteria [14] for Isl complex. Deranleau points out that a 
reliable value of E demands S = 0.2-0. 8. Eor S < 0.2 and 

S \ 0.8, coae of the three quantities that appear in the 

/ 

expression of equilibrium constant has large percentage 
error either because its small magoitude is not directly 
measured very accurately or if it is obtained by difference 
of two comparable quantities, the small difference is not 
much larger than the errors of the quantities being subtracted 
from each other. A reliable value of 6^ and demands a 
minimum value of S = 0. 2. This has to do with the large 
error in measuring the small concentration of cco^lex at 

S / 0.2. S 0.8 is acceptable for this measurement, 

\ / 

because the small value of the concentration of the molecule 
being Saturated is unimportant in this case. The complex 
concentration is large and the percentage accuracy of this 
quantity determines the accuracy of or 6^^. The generali- 
zation of these criteria due to Lenkinski et al. [12] is 
stated as follows ; The Isl complex is called RS, the li 2 

The contribution of RS and RS^ to the 


complex is RSp. 
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otsei^ed shift (due to both) at a given total concentnati on 
of R and S, depends on the stability constants of RS and 
RS^ as well as their chemical shift values. Ihus the pair 
can be accuratelj^ determined if the conditions are 
such that the contribution of RS to the observed shift is 
large- One defines = [RS] 6 ^/[S ^]6 and 2^= 2 [RS 2 ] 62 / 
[S^] 6 , which specify the fractional contribution of RS and 
RS 2 "to overall shift. The accuracy of K^j 6^ pair is maxi- 
mised when P 2 1 and that of 6 ^ pair is maximised when 
P^'l_':;l !• To assess the accuracy of individual parameters, 
one defines the saturation factors (fractions) s = [RS]/R^, 
82 = [RS 2 ]/R^, <7^ = [RS]/S^ and 02 = 2 [RS 2 ]/S^. These 
quantities vary betweoa 0 and 1. Generalized Deranleau 
criteria are (i) For accurate should cover the range 

between 0,2 - 0.8, (ii) For accurate d- , 0 . \ 0.2, preferably 

0 ^ 1. To meet these criteria, these authors carry out 

titrations at the following values of concentrati cai (i) DMSO 
concentration is held constant at 20 mli and Eu(fod)^ concen- 
tration is varied from 1.5 to 61.4 mJ4. The principle is to 
hold (PMSO concentration) at the lowest possible value to 
permit eas^' observation of its resonances (Type I titration), 
(ii) Eu(fod).^ concentration is held constant at 10 mtM and 
DMSO concentration varies between 5 O mM and 200 nil. The 
principle is to hold R^ (the total concentration of the spe- 
cies whose resonance is not being observed) at a value such 
that a measurable shift is observed even when = 20 R^. 


118 


favours format! oi of RS^ complex ([RS 2 ]/ 

[RS] = (P 2/*-'l^ ^^^free'' f^Jfree 20 R^) . 

Calculation shows that if 4K^ < (i-e. if p 2 > » 

Type II titration allows accurate determination of a^id 

62 Type I titration allows accurate determinaticn of 

^1 9^*^ ^ 1 * ^ ^ 2 ' ^2 ^2 accurately deter- 

mined, hut and 6 ^ can not he determined with good accu- 
racy, If 4E^ = K 2 » conditions could he obtained for accurate 
values of all hut K^. A computer programme fits the data 
of Type I and Type II titration taken together to give hest 
values of parameters. The saturation functions are then 
plotted and one checks that the reliability criteria have 
been met. The basic physical chemistry behind the approach 
is iiiat concentration must he varied ever a wide range to 
allow formation of both RS and RS 2 « Since concentrations are 
measured by NMR contact shift values, the concentrations 
of RS and RS 2 must be such that the contribution of each 
species to the measured shift must be a substantial fraction 
of the observed shift i.e. the ratio of [RS]/[RS 2 ] must be 
larger if the shift value of [RS] is smaller. 

Using the method described above, Elgavish and 
Reuben [13] showed that Pr^'*’ and Yb^'*’ form 1:1 and 1:2 
coit^lexes mth alanine. At 39°C and pH 4.5 + O. 3 , E^ and 
E^ of Pr^”^- alanine complex are 0,235 and 0.94 (in M ^) , ^d 
those of Yb^’^-alanine cemplex are O. 3 IO and 1.24 (in M ^) . 
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Th.e relaiiion. = K 2 shows "thaij lihere are 1 ;wo equivalon.'t 

hinding sihes for alazu.ne on the lanthanide ion. a linear 

Schafchard pj.ot establishes the equivaleEce of the sites 

and finds their number to be two. The chemical shift values 

of ML and ML ^ axe equal. Thus the sites are equivalent 

magnetically as well as chemically. The concentraticn values 
3+ 

used in In-^ -alanine titration are not quoted, but both 
Type I and Type II tL trati ons , are stated to have been carried 
out. In the study of sarcosine lanthanide ion interaction 
(for which EC values are not given) ligand is 1 M and lantha- 
nide ion concentraticn vary between 0.045 to 0.1 M. Ligand 
is in excess. The existence of 1; 2 lanthanide - carboxylic 
acid complexes has also been reported by Inagahx, Ta}cahashi, 
Tasumi and Miyazawa [ 8 ]. They study complex formation of 
Eu^"*" ion with L - azetidine- 2 -carboxylic acid in solution 
by measurement of Eu^"^ induced shift of the P14R spectrum. 

A least Square curve fitting of the entire range of data 
using a computer programme was used for data analysis. An 
assumption of 1;1 stoichiometry is insufficient to fit the 
data. A good fit is obtained only if the presence of both 
1:1 and 1: 2 complex is included in the model. Deviatiaa from 
1:1 model becomes mere evident as one increases [S^J (total 
concentration of carboxylate ligand) keeping fL^]/[SQ] ratio 
constant (1^ = total lanthanide ion ccncentration) . This 
demonstrates that the relative as well as absolute values 
of concentration are important in determining relative pro- 
■oortion of complexes. The values of and K 2 are 3*8 and 
0 . 6 (in MT^) . 
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There has been some difference of opinicai afflongsi: 
workers about the model of co-ordination of the amino acid 
with the metal ion. It has be©! stated earlier that Tanner 
and Choppin [6] conclude that co-ordination takes place 
throu^ the carboxylate group in glycine. Sherry, Bimbaum 
and Darnall [9] conclude that carboxylate co- ordinates alone 
at low pH and in addition histidine N-1 co-ordinates above 
pH 6. Cefola et al. [1] on the basis of stability constant 
data obtained by them (these data are no\i in questicnj as 
discussed, later) conclude that aspartic acid forms a tri- 
dentate complex (liganding through two carboxylates and one 
amino group). The difference of values log K between 
aspartate complex and ^ycinate complex is 0.2 for alkaline 
earth ions [16] but assumes the value of 1,8 for lanthanide 
ions [1]. These authors implicitly assume that glycinate 
is bidentate (perhaps on the basis of high values of E) . 

Thus a hi^ value of K of aspartate complex is ihou^t to 
indicate tridentate co-ordination. Chaberek and Martell [17] 
had earlier concluded tridentate co-ordination for the 
aspartate complex of first flow transition metal ions. 

Katzin [18] reports a study of absorption and circu- 
lar dichroism spectra of complexes of Eu(IIl) ion with ©nino 
acids and sugar acids. In an earlier study Katzin [19] 
observed that the sign of the C.I). spectra of pr(IIl) comple- 
xes of sugar acids is defined by the hydroxyl configuraticai 
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at the a-caxhcoa when the pH is acidic. In neutral and 
alkaline pH, sign of the C.D. spectra is correlated with the 
sign of the hydroxyl configuration at the y-carbcti, where 
this is an asymmetric center. Thus two hydroxy acids, which 
have the same a-carbon configuration (d) and different 
c cnfi gurati ons at the Y“^at*t)Ons (an example is ^uccnic acid 
and galactonic acid pair) will have the same sign of C.D. 
spectrum at acid pH, but different signs at alkaline pH. 

This is thought to indicate y-coordinati on at hi^er pH. The 
results are different for Eu(IIl) ion [ 18 ] in that the reverse 
sign of C.D. spectra is observed even at acidic pH, indicating 
chelation at acidic pH. The sign inversion is maintained at 
neutral pH. Complex formation of Zwittericnic amino acid to 
to Eu(IIl) through the carboxylate alcne at low pH suffices 

to give a C.D. , which is strongest in the ^D^^ Fq band. 

The complex of ^uconic acid at acidic pH has its strongest 
dichroism in this band. Vihen pH is raised, the C.D. increases 
in intensity and the siga inverts for both the amino acid and 
the sugar acid. The ^D^ •tr— absorption intensity • 
however remains insensitive. The author is puzzled by the 
fact that sign inversion with increase in pH occurs for the 
depr ot Qnati on of the protcnated amino group in the case of 
the amino acid' and for the deprotcnation of the hydroxyl 
group for the sugar acid. The resulting aminO_,aCid is sin^y 
charged and the resulting sugar acid is doubly charged. They 
reject the alternative possibility that hydrciLysis at hi^ 




pH is resp QnsilJle for the change in the sign of C.D. rather 
than chelation. The reason cited is that the change-CArer 
takes place at pH 5 in the sugar acid end at pH 7 in the 
amino acid^ The author points out that the change in C.D. 
may require two negative charges. For the sugar acid it 
comes from carboxylate and the ionized hydroxyl group. For 
the ajnino acid, it comes from the carboxylate and a hydroxyl 
ion derived from solution. This may explain the hi^er pH 
necessary for the amino acid complex. Katzin observed a 
buffer resistance in the region of pH 6-7, when ammonia is 
added to raise the pH of the solution containing Eu(III) and 
alanine or serine. Aspargine containing solution leads to 
precipitation of Eu(lll) ion. The buffer resistance is 
observed in the region 5-6 for the sugar acid glucaaic acid. 
There is no attempt in Katzin's work to give a quantitative 
or semi quantitative theoretical basis for his interpretation. 

The chelation in the amino acid complex is based merely oa 
the similarity of the sign inversion of C.D. >0.121 the sugar 
acids. Prados, Stradtherr, Donato and Martin [20] report 
careful pH titration studies on mixtures of lanthanide ions 
and a variety of ligands including several amino acids. They 
find that the solutions of lanthanide ions can be titrated to 
reproducible end points after addition of 2.5 equivalents 
of base. Eu(lll) precipitates before the end point is reached. 
The titration curve shows less than one unit of pH rise during 
the titration. Thus lanthanide ion solution show buffer action. 





The mid point of the iDUffer region varies across ihe lantha- 
nide series from 9«3 to 7.6. The narrow oH range of the 
buffer region and the non-integral base equivalent needed 
suggest formation of polymers involving hydrasycompl exes. 

A large number of ligands, including alanine, aspargine, 
serine, histidine methylester and N-acetylhistidine, show a 
pH titration behaviour which is a superposition of ihose of 
the metal and the ligand. At pH values where carboxyl is 
unionized no complex formation takes place. Thus carboxyl 
groups ionize with their characteristic pK before any ccmplex 
formation occurs. This is followed by titration of lanthanide 
ions which titrate in a manner identical to that of an un- 
complexed ion. Thus the liganded H 2 O molecules -Khich get 
converted into hydroxide ions as a result of hydrolysis do 
so in a manner independent of the co-ordination of the carbo- 
xylate group. The amino group titrates next with a p2 identical 
to that of uncomplexed amino acid. The equivalents of base 
consumed correspond to the total concentrati cn of amino acid - 
complexed and uncomplexed. Thus the complexed amino acid 
titrates as thou^ the HH^"^ group is free. This establishes 
beyond doubt that HH^"'" group does not co-ordinate. The cc^ 

ordination of is to be accompanied by the release of a 

3 

proton. Thus high pH can only enhance the foimaticn of the 
complex with co-ordination throu^ the amino group, dhe 
' amino group of the complexed amino acid is found to be proto- 
nated at a high pH around the pK of HH^ group. This means 



‘thsi't i w&s p I* oi} otiaiiGd. al; a lower pH also, '^jJq p 01111 oul 
llxal CO^ group of Ihe amino acid behave in a similar manner, 
i.e. Itiey ho nol co-ordinate at a pH where they are protcna— 
ted. Ho spectral change is observed in NKR and C.D. at a pH 
where CO^H is unionized [13,18], L~aspartic acid exhibits 
a different titration behaviour. The aspartic acid carboxy- 
lates titrate first 'consuming base equivalents of the total 
concentration of aspartic acid. Metal hydrolysis consumes 
2.0 equivalents of base to an inflection near pH 8 mth 'a 
mid point near pH 7, irrespective of the molar ratio of 
aspartic acid and Ln(IIl) ion. This hydrolysis poriaon is 
more spread out on the pH axis and exhibits a mid point at a 
pH lower than that shown by aqueous lanthanide ions. Ammo- 
nium deprot onati on occurs as usual. 

Glutamic acid yields precipitates in the lanthanide 
ion hydrolysis regLcn. Almost the full number of hydrolysis 
equivalents appear as with aqueous metal ions. These results 
are interpreted by a model which assumes that a— carboxylate 
co-ordinates the metal ion first. As the pH is raised the 
Y“Carboxyla,t e instead of chelating helps in the formation of 
polynuclear complexes, which assist precipi tati csa. 

Thus hydrolysis of lanthanide ions definitely occurs 
in Spite of complex formation with amino acids. If a suffi- 
cient number of stron^y bound lanthanide ions co-ordinate 
a lanthanide ion, no hydrolysis occurs as is the case with 
2,6,dipicolinic acid [21]. Prados et al. [^] have clearly 
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sliOwn. 'th.a't in ijhe case of histidine an integi’a! 2»0 equi'valen'fc 
per mole of Dy(lll) or Ho(lli) are titrated in the regioii of 
pH / 7. Thus the metal ion hydrolyses even thou^ it is 
completed to histidine. This is in contrast to the result 
that the computer programme SCOGS used by Jones and Williams 
[2,5] rejected the existence of hydrolysed species. Prados 
et al. [20] point out that the extensive hydrolysis of the 
lanthanide ions in lanthanide- amino acid complexes is an 
indication of weak binding. They propose that for alanine, 
serine or aspargine the hydrolysed species has a structure 
[Ln^"^ ala 2 ]^ where n is unknown. This is consistoat 

with (a) the consumption of 2.5 equivalents of base per mole 
of lanthanide ions, and (b) the chemical composition (estab- 
lished by chemical analysis) of the precipitate frcm basic 
chloride solution of Pr(lll) and Tm(lll) being Ln2(0H )^C1. 

An odd number of hydroxide ions evidently bridges two lantha- 
nide ions. These workers propose that aspartic acid co- 
ordinates throu^ the two carboxylate groups. The ammonium 
group remains protcnated. Equimolar ratio of aspartic acid 
and Ln(lll) yield titration curves of the same character as 
those with additional ligand. The simplest structure at the 
terminus of the hydrolysis region near pH 8 may be [ln^'*"(0H)2 
asp~] ^ which might be mononuclear [21]. The differences in 
behaviour with other ligands like alanine that make these 
authors to propose a mononuclear complex are (a) the hydroly- 
sis part of the titration is more spread out on the pH axis 
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aiid (d) 2.0, not; 2.5» equivalents of lase are consumed- 
Tliese auth-Ors find ttiat the changes in the C.D. ^ectrum 
plotted as s. function of pH shows a niid— point identical to 
that of the titration curve. The C.D. changes are therefore 
assigaed to hydrolysis rather than to chelation, as proposed 
hy Katzin [18]. 

There has been some attempt to work out the details 
of the location of the lanthanide ion on the carboxylate 
binding site of an amino acid. These attempts use NMR 
spectroscopy. The pH values of these experiments are kept 
low. This avoids complication due to hydrolysis. At low 
pH, it is also not necessary to consider binding to the 

metal ion (accompanied by deprotonaticn) . It will necessitate 
hi^ pH, if at aZl it is operative (the evidence of Prados 
et al. [21] is enough to exclude it at all pH values). 

Levine and lilliahs [22] on the basis of contact shift 
data and a detailed computer search for the structure that 
fits the data best, conclude that the lifter lanthanides 
(Pr^"^ Tb^’*') bind to both the oxygai atoms of the carboxy- 

late i.e. carbcxylate is bidentate, whereas the carboxylate 
is mcnodentate towards the heavier lanthanide ions (Dy - Tb ). 
Sherry and Pascual [11] using a similar approach find that 
in alanine, the trend is just the reverse, i.e. carboxylate 
is bidentate towards the heavier lanthanides and monodent ate 
towards the li ,^ter ones. The cause for the discrepancy 
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according to Sherry andPascual [11] is the incorrect separat- 
ion of the observed shift into conta,ct and pseudo contact 
contributions in the work of Levine and Williams [22]. Even 
a small error leads to large discrepancy in structural para- 
meters. Elgajvish and Reuben [25] conclude on the basis of 
relaxation enhancement data that lanthanide- amino acid comp- 
lexes are isostructural through 1he lanthanide series and 
the carboxyla.te acts as a bi dentate ligand. They point out 
possible reasons for the difference of their conclusion with 
those of Levine and Williams [22] and Sherry and Pascual [11] 
to be (a) complication due to formation of hi^er than 1:1 
complex (b) inadequate separation of dipolar and contact 
contribution to shift and (c) inadequacy of axial model of 
dipolar shift. In a later more detailed work, Elgavish and 
Reub^ [13] conclude on the basis of shift and relaxation 
data that a unique position for the lanihanide ion could not 
be determined i/jith certainty. The lanthanide complexes of 
sarcosine are found' to be isostructural throu^ the lanihanide 
series. However, if the Ln^"*" ion is placed on the plane of 
the carbcxylate, it gets located at an inpossibly short dis- 
tance from one oxygen atom. With the assumption that the ion 

is in a plane perpendicular to that of the carboxyl group and 

o 

bisecting the 0-C— 0 an^e, a Ln-O distance of 2. 57 A is 
obtained which is in good agreement td-th crystal structure of 
lanthanide complexes of carbCKylates. An alternate descrip ticai 


in terms of a mixture of bidentate and mcnodentate (2.577. 
only) structure is found to be consistent -with shift and 
relaJi^ation data- Deviation from bidentate co-ordinati cn 
of carboxylate binding sites of rigid (and therefore simpler 
to analyze unambiguously) ligands like 0-toluate has hem 
suggested from the shift and relaxation enhancanent data of 
Pennington and Cavanau^ [25]- The relaXatiai time for the 
ortho proton relative to the orthomethyl protcn of 0-toluate 
is found to be shorter than expected. The authors- suggest 
that either preferentially binds to the carboxylate 

oxygen nearer the ortho proton or the internal rotation of 
the methyl group is affecting the correlation time for the 
0-methyl protons. Thus the details of the co-ordinaticn of 
the lanthanide ion to the carboxylate moiety is very much a 
m-attei' of -contemporary research and debate. The situaticn 
is obviously more conrplicated than straight forward chanical 
intuition would like to conclude. 

Thus there exists considerable need for further investi- 
gation in the field of determinaticn of structure of lantha- 
nide-amino acid complexes in solution as well as in the field 
of determination of stability constant of lanthanide- amino 
acid equilibria in soluticn. 

Ghoice of metal ion ; 


¥e decided to choose hypersensitive transitions inten- 
sity as the spectral technique for structural investigation. 
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Obviously Eu ion was our choice. Eu"'*’ occupies a position 
in the field of lanthanide spectrosccpy simlilar to the posi- 
tion of hydrogen atom in quantum mechanics. The nonde generate 

*7 

ground state ( Fq) makes detailed analysis easier. For 
exajople there are only a mazimum of five compcxient transi- 

tions ±p. the ^0 tand. Thus a meaningful 

lineshape analysis is possible, whereas if both the ground 
and excited state had degeneracy, this would be considerably 
more difficult. Bu''^ also has the advantage of having a 

hypersensitive fluorescence emission {^Dq , whi ch 

originates from a non-degenerate excited state. This emi- 
ssion line also is amenable to detailed ansJ.ysis, 

Choice of ligand ; 

Of the amino acids, we have chosen i^spartic acid, (Glu- 
tamic acid, Aspargine and 6]3-utamine as our ligands. Up til 
now, as is evident in the discussion presented above. Alanine 
and Sarcosine have been studied as ligands co-ordinating 
lanthanide ions. They are simple because the side chains do 
not provide binding sites. Histidine has been studied in 
lesser detail. The ligands chosen by us have just these 
features. It is these features that make them more complica- 
ted and therefore more interesting. There is a possibility 

of chelation. More than one carboxylate moiety of aspartate 

2 + . . 

and ^utamate are almost always used to hold a Ca ion in 
the Ca^"^ binding proteins [25]* There is also evidence of a 
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peptide group binding ion in a protein [25]. Ibus -fee 

carboxylate and carboxajnide side chains of the ligands studied 
by us make them more useful model systems for the study of 
protein binding site. In the case of ^utamine and asparglne, 
even if the side chain carboxamide group does not bind "the 
metal ion, its presence in the vicinity mimicks a metal tind- 
ing site of a protein more closely. 

Choice of technique for stability constant determinati cn ; 

The experimental technique used by us uses a metallo- 

5+ 

chromic indicator murexide as a monitor of Eu concentrati cn. 
In sharp contrast to the spectral titration using e.g. NMR 
spectroscopy, this technique measures free Eu^"^ ccncentrati on 
directly. It is close to the solvent extraction technique 
[6,7] in this respect. It is experimentally simpler to 
perform p articulately if one requires a large number of titrat- 
ion points. The pH titration technique was of less interest 

to us because we, in our laboratory, are interested in making 

2 + 

measurements of stability constant cn proteins with Ca and 
Eu^”*" ions being simultaneously presoit in soluti cn.with an 
eye to measurement of co-operativity in metal binding in these 
systems. pH variation is essential in the pH titration tech- 
nique- A macromolecule changes its structure, sometimes 
drastically, sometimes in a subtle way on pH variaticn. Thus 
measurement at a fixed pH is easier to interpret. Over and 
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of iBurs^cide solution is ilieii "taken in a quartz cu'T'e'tte 
(purcliased from H^lma, En^aad) I’jith a path length of 1 cm 
aJid a "volume of about 5 iQl* The exact volume is determined 
ty "weiring in a semimicr ohalance. In a matched cuvette 
one then takes an identical volume of the same murexide 
solution. The volume is adjusted to he equal to that in the 
first cuvette hy an adjustable microliter pipette. The adjust- 
ment is easily made to better than 0.5 pi. 

EuCl^ (made from Eu 20 ^ by repeated evaporaticn to dry- 
ness with Analar HClj Eu20^ "was purchased from Sigma Chemical 
Company, U.S.A,, certified purity \ 99.9/.) of kno-^jn concen- 
tration (details of determination is in Chapter II) is added 
in known volume by a hi^ precis! cn microliter pipette 
(purchased from Oxford laboratories, Ireland) to the murexide 
solution in one of the cuvettes. The volume of Bu^"^ ion solu- 
tion added is again determined by wei^iing the cuvette. The 
volume determined by weiring agreed in almost all cases with 
the volume supposed to have been delivered by the pipette. 

An identical volume of buffer is added to the second cuvette 
by the same microliter pipette. Wei^iing is once again 
carried out to establish that volume of the buffer is equal 
to that of the metal solution. The maximum difference is 
0.5 lal. 

The difference in absorption (ziA) between the cuvette 
containing metal ion and the one ivithcut it is given by "Qie 
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relation /A A = Ae[i'!IMu] , assuming cnly i=i complez is pre- 
sent. The determination of e, the difference in the molar 
ahsorptivi ti es of iMu and Mu is given in Chapter II, Thus 
[MMu] is experimentally measured. The total concentration 
of murexide [Eu^] obeys the relationship [Mu]^ = [Mu]^+[MMu]. 
The values of equilibrium constant are given in Chapter 

II. Thus knovjn values of [ffi^lu] , [Mu]^, and gives [M]^ 

([M]f = [MMu]/Kj^^ ([Mu]^ - [MMu]) ). 

Ligand solution is prepared by dissolving known wei^t 
of amino acids in buffer (ionic strength adjusted to 0.100 
by addition of KCl) in a volumetric flask. The amino acids 
(purchased from Sigma Chemical Company and E. Merck) are 
stored in dessicators. The concentration is calculated from 
the known weight of amino acid and the known volume of the 
volumetric flask, ligand solution is added to the cuvette 
containing metal solution (sample cuvette) in instalments of 
100 [j-l. The pipettes of smaller volume increase the possibi- 
lity of error in volume delivery. In one out of 20 dd-iveries, 
a deviation of 1 pi occurs. But the error it introduces is 
smaller if the 100 pi pipette is used. For each delivery of 
ligand solution to the sample cuvette, one adds an identical 
volume (using the same pipette) of buffer to the reference 
cuvette. A keeps on decreasing as ligand solution is added, 
i.e. as the titra,tiQn progresses. Thus one is able to measure 
the concentration of free metal in mixtures of differ^t 
concentrations of metal and amino acids. 
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The "ti tr ati cm experiment is carried out in a stcppered 
cell obtained from M/s Hellma, En^and. A small volume of 
liquid may sometime leak onto the stopper, but this is ne^i— 
gible to the total volume. A thermostated water bath circula- 
tes water around the sample compartment to maintain the 
temperature at the desired value. 

The ra.TT data i#e. [M]^ at definite values of [M]^ and 

[L] gi are then parametrized in terms of overall stability 
constants P^’s, which appear as coefficients in Ihe mass- 
balance equations for total metal and total ligand concoitrati on, 

[M] ^ and [L]^. 

[mJt = Mf + E Pi [M]f [i]j 

i 

[l],. = [I-]f + >I iPi Mf [Ilf 

i 

[M]^ the free metal concentration is experimentally determined 
but [1]^ is not determined at all. 

Choice of Concentration : 

In a titration experiment, one would ideally like to 
determine [M]^ aad [l]^ at all possible values of [M]j and 
[L]^, In a particular experimental approach, only certain 
concentration ranges can be investigated. In the experiments 
done by us, restrictions arise from the spectral character- 
istics of metal-dye system (K, •' e) , -Ihe ma^iitude of metal 
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ligand stalaility ccaistaxit and the solubility of the ligand. 

The range of optical density that can he measured accurately 
by the spectrometer being used also sets a liiaitation. Cary 
17~D spectrometer of course provides a very wLde range. So 
this is not really a limitation for us, An O.D. b^ovr 0.100 
is however not measured because the percentage error of read- 
ing the digital panel meter increases rapidly below this range 
(the magnitude of the reading error remains constant +0.002) . 
Thus a lower limit to the measurement of [®Iu] and therefore 
[M]^ is set by consideration of spectrometer accuracy, 

Murexide ccncentrati on has to be hi ^ enou^ to be 
accurately measurable in a spectrometer. An O.D. between 0.6 
and 1.1 has been used. At a certain murexide concentration 
the initial Eu ion concentration can neither be too hi ^ nor 
too low. If it is too high, murexide is almost saturated. 

[Mu]^ determined by subtracting [MMu] from [Mu], two comparable 
concentration values, will have large percentage error. The 
inaccuracy of [Mu]^ is carried over to liie value of [M]^, 
which is calculated from the formula [M]^ = [Mu]j^. 

If it is too low, initial A A (a [MI4u]) is too small. If we 
further restrict ourselves to titration points with ZiA ^ G.lOO, 
Very few titration points are obtained in a sin^e titration. 

In addition, a small value of [Mj^i means a small value of [M]^. 
Thus the response of the metal-dye equilibrium (i.e. Ihe 
magnitude of its displacement) is small cn increasing "ttie 
ligand concentration iy a certain amount. Thus successive 
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titration points separated by more than the experimental 
error are harder to obtain. The problem of having low [M] 
is less if the solubility of ligand is hi^er or if the values 
of metal-li gand stability constant were hi^.er. 

Increase of [Mu]^ can give a hi^ value of initial /;\A 
for a given val-ue of [M]^, thus removing cne difficulty of 
using low [M]^. But a hi^ value of [Mu]^ leads to formation 
of .li 2 metal murexide complex. The spectral and thermodynamic 
properties of Is 2 metal-murexide equilibrium are not known. 

We became conscious of this complication near the end of our work 
anci discarded all data that are suspect because of liiis complicati cn. 

Another experimental approach to achieving titration of 
low values of [M]^ is to use a different dye e. g. Arsenazo 
(ill) which binds Eu^"^ with a larger K and a larger e. 

A larger e is useful in measuring small changes in [MD]. 

e is very much like an amplifier gain where input sigial is 
[MD] and output is A A. Thus the resolution of the titraticn 
increases. One can get intermediate points in the titration 
i.e. measure at M^/L^ ratios which were earlier skipped 
because of the inability of the experimaatal set-up to distinguish 
between the values of at two successive titration points 
i.e. because of lack of resolution. Because of hi^er A e, 
one gets a larger A. A for the same ccncentration of [MD]. 

Taking advantage of a large value of E, one can use a compa- 
ratively smeller concentration of to obtain the same [MD] . 
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The difficulty of getting small changes in the displacement 
of metal—dye eQ^uilihrium hecause of only small increase in 
[]ycL] complexes at small [M]^ concentration mil ronain. The 
prohlem however is less, because small changes in [MD] are 
detectable because of hi^ value of ,^e. 

At a hi ^n. ^Muj ^ (O.I}, > l«l) , one can use a hi^i 
value of without saturating murexide a.nd mthout intro- 

ducing the complication of 1; 2 complex. The range of [L] 

T 

covered would still remain the same. Thus the range of 
concentration that would be accessible in these experiments 
with hi ^ [Hu]^ is unlikely to give any additional information, 
particularly about the presence of metal-ligand complexes of 
higher stoiclii ometry (since lower M^/L^ ratio already covered 
is more favourable for formation of li 2 complex). More data 
would have boon obtained at lower saturation ranges, which 
would not improve the accuracy of the values of § calculated 
on the ba,sis of the data already accumulated. 

Choice of buffer to maintsd-n fixed pH : 

The titration experiments are carried out at a fixed 
Value of pH, maintained by a buffer solution. As discussed 
in Chapter II, the metal-buffer interact! on, if ignored, substantially 
modifies the equilibrium constant being determined. The buffer 
solution may interact with the dye also. Thus "fee choice of 
buffer needs careful analysis. 
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Pirstly, ■fch.e pK^ of iiixe buffer systeni must be as close 
to the desired pH as is possible. Ihe iBinimuni concentration 
necessary to maintain the value of pE >ri.tliin desired limits 
is thus reduced. 

Secondly, ^metal-buffer (^ater called should be 

small and be known accurately and precisely. If is small, 
the percentrge of metal bound to buffer is small. For a givei 
precisian of Ejy^g, the error introduced in the calculaticn of 
metal bound to ligand is smaller if is smaller. As an 
example, if 40/. of metal is bound as MB, and 10/ of metal 
is bound as IViL , a 5% error ia introduces a 20/. error 
in metal bound to ligand, whereas if 10/, of metal is bound 
as MB, the same precision of , introduces an error of 5/ 
in calculation of ML. The magnitude of this error is depen- 
dent on the relative value of Zj^^ and Obviously liie 

error is half of what we stated above, if 20)C (and not 10/ } 
of metal is bound as ML- 

Thirdly, the dye should not react with the buffer 
solution. Good buffers are, in general, weak binders of 
metal ions. However Pipes was found to interact chemically 
with murexide. This is presumably due to the nitrogen lone 
pair of the heterocyclic ring in Pipes. Histidine also reacts 
with murexide. This factor renders a large number of Good 
buffers with nitrogen containing heterocyclic rings unusable 
for titration with murexide as metal— indicator. 
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3+ 

Since Eu precipitates above pH 6*5» the hipest pH at 

which titration could he carried out is 6 . 5 . lES with a pK 

of 7*5 is still useful at this pH. It does not react with 

murexide. Its hinding constant with Eu^'*' is small. The 

3+ 

determinati on of Su -TES equilibrium constant E is found to 
be hi^. Thus TES-HCl was chosen as the buffer at pH 6 , 5 . 

The choice was more difficult at pH 5.0 when aae 

excludes the buffers that react with murexide, one is left 

with ELs-Tris and Bis-Tris propane. Preliminary experiments 

show that the association constant of the Eu^'^-Bis Tris 

equilibrium is 10 . A literature report which appeared 

simultaneously agrees with this finding [29]. Bis-Tris 

propane was not readily available. Thus we decided to use 

acetate buffer, instead of having to wait for the arrival 

of Bis-Tris propane from abroad and then discover that, like 

its parent buffer Bis-Tris, it binds Eu^"^ with a hi^ value 

of ^ oo* 
ass 

Acetate buffer was prepared from Ha2C0^ and acetic 
acid, as described in Chapter II. The acetate concentration 
is known precisely. It is exactly twice the ccocentraticn of 
Ha 2 C 0 ^, which is known precisely since the soluticn is made 
by weighing a semimicr obalance and dissolving it 

in water in a 1 liter volumetric flask. 

The binding constant of Eu^'*’ wiHi acetate is known with 
good precision, but poor accuracy [30]. It was redetermined 
in our laboratory, as described in Ch^ter II. 
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nholce of buffer concentrati on • 

In Eu ■" asp ax tic acid and in. En Glutaniic acid titxa— 
tioas, we prepare EuCl^ as well as ligand solnticn in -file 
duffer (p = O.lOO with KCl) . A 15 nM acetate "buffer however 

cannot withstand the protons liberated frcan the dissoluticsi 

„ 2 

of 10 M aspartic and ^utamic acid and the final pH is 

3.5 - 4.0. The pH of the ligand solution is always adjusted 

to 5.0 by addition of KOH soluticn. ihiy pH change during 

the titration is due to the formation of any ccanplex lhat 

releases protons or due to the displacement of metal-murexide 

eguilibrium that accompanies complex formation. A small pH 

change of 0.1 pH unit is observed in Eu^"^- aspartic acid and 
3+ 

in Eu-'^ -Glutamic acid titration at pH 5.0. No significant 

3+ 3+ 

pH change is observed in Eu -asparglne and in Bu -Glutamine 
titration. The buffer concentration used at pH 6.5 is 100 
mM. The concentration is sufficiently hi^ to resist any 
significant pH change for all the four ligands. 

A small pH change from 4.95 to 5 . 05 introduces very 
little error as is evidenced by the hi^ precision of the 
Values of p determined at a pH 5.0. The buffer c cncentrati on 
would have to be considerably hi^er if the pH change were 
to be completely avoided. The error in the value of ML due 
to the error in would then be larger. The minimum value 
of buffer concentration would have to be such that during the 
titration, the pH changes from 0.05 units below to 0.05 units 
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abov© "th.© desired, pH of ’titra'ti cn. One tiius determines aii 
average value of the binding constant, if it is pE d^endent, 
over a range of pH values, which is not necessarily equnl to 
the values at a precise pH of 5.0. The inaccuracy is however 
small. 

In the experiments reported in this work, a buff er 
concentration of 1 5 mM at pH 5.0 is the minimum possible 
value in Aspartic acid and in Eu^'^’-SLutamic acid titra- 

tion. In the Eu^''’-AspargLne and Eu^'^-Glutajoine titrattai 
at pH 5.0 there is no observable pH change during a titration. 
Thus it is possible to reduce the buffer concentration. The 
reduction would in all probability improve the accuracy and 
precision of the determination of p. The effect of the error 
of cn the values of Kj^ is determined by changing the 

value of Kjyjg by +c, 2c, 3c from the mean value in the input 
data of the programme that parametrizes the titration data. 
Such a determination shows that in Eu -aspargine system at 
pH 5.0 and 15°C, changes by 8/. if is changed by its 

standard .deviaticn 1^ ). At 25*^C, the change is lO/i . 

At 35°C, it is less, about 5% • Eor the maximum error (3c) 
in the change in is 25'/- at 15°C, The large sensiti- 

vity of K.^ to a small (c-A-' 1% ) change in is understanda- 
ble when one looks at the following data s At pH 5*0» in 
Eu^"*"- aspargine and in Eu^”*"- glutamine titrations [MB] iS7''>5C‘^ 
of [M]^, whereas [ML] is only 5-15*/ of [M]^, and is cnly 5 
to 15 times the error in [MB]. In retrospect <aie should have 
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used a lower ouffer concentration. If pH changes during a 
3+ 

titration, Eu — murexide stability constant changes from ctie 
titration point to another. One, however uses determined 

at a fixed pn value to calculate free ccncentrati cn of Eu^”^. 

It is thf s quantity that becomes incorrect due to pH change 
during a titration. The change of 0.1 unit of pH does not 
change ^]yj;]y[u significantly. The loss of accuracy and precis! cn 
arising from the sli^t alteraticaa of pH during a titration 
is however more than offset by the gain from the use of lower 
concentration of buffer. The choice of buffer ccncentrati cn 
made in our exneriments is just optimum in Bu^"^- aspartic acid 
and in Glutamic acid systems. The concentration of 15 mM. 

ii.cetate at a pH 5*0 and 35°C in the Eu^"*’-Aspartic acid system 
leads to the following results ; [MB] is 60-377. of [M]^,, 

[ML] is 19-51% of [M]j and is 63-255 times the standard 
deviation in [MB]. The change in is 1% whsi is 
changed by sxi amount equal to its standard deviation (o) of^ l/„ 
The change is 3% if changed by 30 ( -^-‘3% )• fbe 

pH change during a titration is 0,1. The larger values of 
metal-ligand binding constant makes the titraticn data more 
accurate. 

The buffer concentration at pH 6.5 is 100 saM, It is 
sufficiently hi^ to be able to resist any sigiificant pH 
change in all titraticn experiments at this pH. The buffer 
concentration could perhaps have been lowered substantially. 

Even though Eu^'^-TES binding constant ( 10) is considerably 
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3+ 

smaller than Eu -Acetate binding c distant ( 100) , the 

considerably higher concentration of iBS ( lOO nfi as com- 
pared to 15 inD^ of acetate) resulted in a comparable 

fractLcn. of metal ion being bound as metal-buffer complex 

’ 5 + 

at the two pH values. In Eu -Aspartic Acid titration at 

pH 6.5 and 35°C, [IIB] is 22-11*/. of [M]^, (cf 60-37'/. at pH 

5.0) and 35 °C [ME] is 23-46/. of [M]^ (cf 19-51*/. at pH 

5-0, 35*^0) and is 26-104 times the error in [MB]. In Eu^"*"- 

GlutaXQine titration at pH 6.5, [MB] is 15-30% of [M]^, [MI] 

is 12-40/. of [M]^ and is 11-46 times the error in [MB]. 

As cne would expect -vdien is altered by o, of Bu — 

3+ 

Glutamine equilibrium is more sensitive than that of Eu - 
Glutamic Acid equilibrium. The changes are 1.5*% at 25°C and 
35°C and 4% at 15'^C in the latter case and are 10% at 15°C, 
7% at 25°C aiid 6.5% at 35°C in the former case. In accord- 
ance with one's expectation, the sensitivity of to error 
in is less is Bu^‘‘'-Glutamine/Aspargine system at pH 6.5 
than in the same systems at pH 5-0. These data indicate 
that 100 ml'-I TE3 concentration was too high. A lower value of 
concentration that allows a change of pH from 6.45 to 6. 55 
during the titration, is clearly a more appropriate choice. 

The values of obtained -when is altered by the 

+0, 20 and 30 are given in Tables I-IV for all the systems 


studied. 
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S a.tur ati on fact or ; 

The reliability of the stahility constant data depends 
on the range of saturation covered in the titration experi- 
ment. In the presence of bufxer and murexide, Ihe saturatic®. 
factor (S) is calculated from the formula 

g ^ . [M.] ^ [I-gj] 

[M]^-[MB]-[MMu] ~ [MI]+[M]f 

In the follomng, we indicate the range of the value of S 

studied in the experiments performed by us. In the Bu^"^- 

Aspartic acid titrations at pH 5 and 15°C, S varies between 

0.44 - 0.76. The range is 0.44 - 0.77 at pH 6.5 and 55°C. 

5 + 

The range is similar in the Bu -Glutamic Acid system and 
5+ 

in Eu"^ -Aspartic acid system at other temperature values. 

'54- O 

In the Eu -AspargLne titration at pH 5 and 15 0, S varies 

between 0.11 - 0.35- The range is 0.26 - 0.6l at pH 6.5 

and 35°C. The range is similar in the Eu^'^-Aspar^ne system 

3+ 

at other temperature values and in the Bu -Glutamine system. 

The range covered is insufficient for detecting multi- 
pie equilibria in the Bu"^ -AspargLne and Eu -Glutamine 
system at pH 5-0. In addition a significaoit portion of the 
range is below S = 0.2, the minimum limit allowed by Deran- 
leau [14] . The error in these measurements is also large. 

The large standard deviation does not ovre its origLn to the 
small absol\ 5 te magnitude of the ptability constants. The 
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values sXQ small in tliese sysieins even at pH of 6.5» but the 
standard deviations are also small. The standard deviations 
in Eu -aspartic acid and in Eu"^ -Glutamic Acid systems are 
small. These ligands hind more strongly, compete more 
effectively ^jith murexide and buffer and cover a wide range 
of saturation. Lowering the buffer concentration could help 
in increasing the range of saturation in aspargine and ^uta- 
mine titration experiments. 

In retrospect, a very useful approach in the choice of 
concentration is to carry out a calculation using a ccaoputer 
programme on the basis of the p values obtaj.ned to decide on 
the concentration values that will give vader ranges of 
concentration, use these to calculate a new value of p (which 
may or may not equal to the p obtained earlier) and repeat 
the process again to cover the x^hole range of saturation. 
The gap in the saturation region between S = 0. 2 to 0.4 in 
the Eu^'^-Asp artic Acid and in the Eu^"^- Glutamic acid systems 
Can be covered by titrating ligand (in the cuvette) with 
metal (added from the micr opipette) . 

Error in [M]^ and [1]^ ; 

The error in [Lj^ji arises from the ligand and from the 
error in reading the mark on the ^5 ml volumetric flask. 

The amount weighed is large ( ''V' 100 mg), leading to ane^i- 
gible percentage error (/x/lO f^X )* error in reading 
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the voluiQe in a 25 iiO. flask, estimated as desciibed in 
Chapter II, is r\J 0,2% . Thus error in [L]^ is 0.2% . 

The error in [M]^ is estimated to be (see Chapter II) 0.5% . 

Error in [M]^ and [L]^ ; 

The smallest magnitude of a (proportional to [MMu]) 
read from the Digital panel meter of the Cary 17D spectro- 
meter is 0.100. The error in reading this O.D. is +0.002 
( 2/. ) . The error in /S\e is ~ 0.5% . Thus the largest 

error in [MFIu] is .''■^2% . The error in [Mu] ^ obtained by 

subtracting [MMu] from [Mu]^ is -'y 2% , because the error in 
[Mu]^, as estimated in Chapter II, is 0.25% • At large 
values of [MMu] , the error in [Mu]^ increases, even though 
[MMu] is increasin^y more accurately measurable. This is 
so because, as stated above, the small magnitude of [Mu]^ 
has a much larger percentage error due to the small percentage 
error in accurately known [Mu]^ and [MMu]. The maximum 
degree ' of sa.,turatiQn of [Mu]|p achieved is 0,7. As discussed 
in Chapter II, [FIMu] has a standard deviation of 0.6% . 

The a of [Mu],^, is /v 0.25% . If [MMu] = 0.7 [Mu]^, [MMu] = 

(7/3) [Mu]^, a relative error of 0. 6% correspoads to an 

absolute error of 1.2% of [Mu]^. The relative error of 
/V.- 0.25% of [Mu]^ corresponds to an absolute error of 0.8% 
of [Mu]^. The formula used in Chapter II, leads to a rela- 
tive error of /’-•I. 5% . Thus at the two extreme points of a 
titration, the error in [Mu]^ is of the order of 2% . The 



147 


error is less in the intermediate pctnts. The error in 
[M]^ calculated from the formula [M]^ = [MMu]/Ej^^, [Mu]^ 

is therefore 2. 57* or less. 

[L]^ is not directly measured and is calc\iLated in Ihe 
data processing programme as equal to [L]^ - X [I-H.]. 

[L] ip conditions of the experiment, but 

[ML^] is inferred from [M]^ - [Mj^ a quantity accurately 
known in the intermediate saturaticjn region (0.2 - 0.8). 

Thus [L]^ (= ■ [ML]) derives its error primarily frcm 

[M] ^, the error in [M]^ being . v/ 0.57* and that in [L]^ 
being -• 0.27 • 'I'^.us inaccuracy of [L]^ is of the order 
of ,-v,. 3/. at the extreme points and less in the middle. 

[ [ML]/[M] j[L]|^ has a standard deviatict^ of this order 

3 + 

in all the experiments reported excepting the Eu"^ -Isparglne 
and Eu-'^ -Glutamine titration at pH 5-0. The errors in these 
cases derive their origin from large percoitage inaccuracy 
in the value of [ML] determined' at low saturation [ML] = 

[M]^ - [M]^. If [M]^ = 0.9 [M]^, then a 5*/. error in [M]^ 
is carried over as a 277 error in [ML]. Comparatively 
smaller standard deviations observed in Eu*" -Aspar^ne titra- 
tion at pH 5.0 and 15 °C and 25^0 thus may not be a measure 
of the real error- The large percentage error in [ML] leads 
to only a small percentage error in [L]^ because of the 
latter’s large magnitude, Eor a typical value of [M]^ of 
5.2 X 10”^ M and of [1] ^ of 2 . 83 x 10”^ M, if [M]^ is 
2. 6 ( ±1« 3 ) ^ 10”"^ M ( A/' 50 /. error) , error in [1]^ 
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(- [M]qi - [^]f) is yj, . In agreement tdth -Hie above, we 
find that removal of first one or two and the last titration 
point in each set reduces the standard deviation. The error 
in [Ml] due t'O the error in is a separate source of 
error and is evaluated separately as described earlier. 

Total and relative values of [M]^ and [1]^ « 

The absolute and relative values of concentration of 
complexes of different soichiometry depends on the total 
concentration values of the metal and the ligand. In Table V 
we summarize the ranges of concentration of [M]^ and [1]^ 
used in the different experiments. The ligand has always 
been much in excess. [1]^ is restricted "by limited solubility. 
[M]^ is restricted by consideraticn discussed earlier in 
detail. 


Nature of the values determined ; 


The equilibrium constant (p^) determined in the experi- 
ments reported in this chapter can be operationally defined 
as the coefficient of the term [M]^ [L]^ in Ihe mass-balance 
equation of [M]^. The same coefficiait appears as the coeffi- 
cient of the term i[M]^[L]^ in the mass-balance equation of 


[L] 


T^ 


Thus if two different chemical species of the same 


stoichiometry (1;1) form with equilibrium constants and 
then = IC^+K^. Ihe discussion given at the be^nning 
of the chapter points out the possibility of a variety of 
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structural isomers of a 1;1 alanine-Ln^"^ complex. The 
formation equilibrium for each isomer is described by oae 
equilibrium constant. At pH 6. 5» hydrolyzed metal-aJBino 
acid complex is a subclass of l:l complexes formed. The 
measured j3^ is sum of all the separate K’s. 

The con troy ersy about large vs small values of p of 
lanthanide-sjaino acid equilibrium : 

The ea.rly pH titraticai data [1-4] clearly stand in 
sharp contrast to the solvent extraction data [6,7] j NMR 
data [9-11,13] and polarographLc data [5] (for amino acids 
other than tryptophan), in that the values of p are large 
in the former, whereas they are small in the latter. The 
values determined by us are also small (Table I-IV). Thus 
we tend to agree with other workers [6,13,20] that the 
early pH titration work was incorrect. But we do not agree 
with the point made in literature [13] that this is due to 
neglect of lanthanide hydrolysis above a pH of 6. As discussed 
earlier Cefola et al. [1] ignored all data at pH^ 6 in 
their data analysis. Jones and miiams [2] considered data 
above pH 6 and their analysis showed hydrolysed species 
is absent. The source of error in Cefola et al. 's work is 
therefore not known and that in the work of Jones and mil- 
iams [2,3] may owe its origin to the failure of the ccs^uter 
analysis to recognise hydrolysed species. It is a pity that 
the paper of Sherry et al. [10] gives no details about how 
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their method could identify hydrolyzed species, even thou ^ 
from the description gLven, their method looks idsitical to 
that used by Jones and Williams [2,3]. 

The values of p of lanthanide— acetate equilibrium also 
show Sim lar discrepancy. Zolat and Powell [30] found lhat 
Pi = 20 2 and = 8020. They considered data below pH 5 
only. The experimental data is obtained on a Sodium acetate- 
acetic acid buffer at pH 4.01 which changes its pH on addi- 
tion of metal, when these values are used in the analysis of 
our data, the metal ion bound to ligand turns out to be 
negative, if one calculates [ML] = [M]^ - [Mu] - [M]^ - [MB], 
where [MMu] is directly determined (frcsa observed /\a) , [M]^ 
from the relation [M]^ [= [MMu]/Kj^y [Mu]^ and [MB] is cal- 
culated from the formula K[M]|.[B]^ taking [B]^. The 

programme does not assume [B]^ [B] but nonetheless, it 
fails to converge. The values obtained by kolat and Powell 
[30] in the H d^'^-acetate equilibrium are p2_ = 166 and p^ = 

5780. Sherry et al. [10] find by NMR spectrosccpy K = 83, 
whereas p otenti ometric titration gives K = 93* The saturar- 
ti on range studied in the HMR experiment is 0.65 — 0,85. 

The range may not be wide enough for detection of multiple 
equilibria in the graphical analysis used. Thus the value 
of p determined may represent a ccanposite equilibrium constant. 
The value of saturation studied is neither too small nor too 
large. Thus it should give an accurate value of ihe concen- 
tration of bound ligumd in the range of conc^tration studied. 
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The same is true in the experiments cn Eu^^-acetate system 
reported in Chapter II (syo.5 at 15°C 0.7 at 35°C). 

The discrepancy between the results of Sherry et al. [10] 
and our results (Chapter II) cn cne hand and ttiat of Eclat 
and Powell [50] on the other, is thus not explained. 

pH and temperature dependence of p ; 

The following trends are observed in the data given 
in Table I-IV : 

(1) Bu^"'’-Aspargine : (i) At pH 5.0, the values of p ^ow 

an increase with an increase of temperature from 15°G to 
25°C. There is no diff erence between the value at 25°C and 
that at 35*^C within experimental error. The difference is 
barely significant if p is calculated using + 5o. (ii) 

At pH 6, 5f the values of p show a decrease with increase of 
temperature from 15°C to 25°C. There is no difference betweai 
the value at 25 °C and that at 55°C within experimental error. . 
(iii) The values of p at pH 6.5 are greater than Iheir 
counteip)arts at pH 5.0 much beyond the errors of measurement. 

(2) Glutamine ; (i) At pH 5*0, the values of p show 

o 

an increase with an increase of teiiperature from 15 C to 
25^0. There is a very small decrease beyoid experimental 
error in going from 25^0 to 55^C if one uses (mean value) 
to calculate This difference is insignificant if one 

uses Ejjg + 20 or + 3o to calculate This trend is 
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5+ 

similar to those of Eu ~Asparglne system, (ii) At pH 6,5, 
the value of rises only slightly beyond experimental 
error if one uses Kjyjg (mean value) to calculate rise 

is not statistically significant vjhen one uses + 0 to 
calcvilate The value increases beyond experimental 

error in going to 55^0. (iii) The value of p at pH 6.5, 
is only slightly greater than its counterpart at pH 5.0. 

The difference is not statistically sLgaificant when cue 
uses Kjjg + 20 or + Jc to calculate *Pj|£j* The value of 
p at pH 6.5 and 25^0 is equal to its counterpart at pH 5.0 
within the error of measurement. The value of p at pH 6.5 
and 35°C is greater than its counterpart at pH 5.0 bey end 
experimental error, 

( 5 ) Eu^'*'-Aspartic Acid System : (i) The values of p at 

pH 5.0 show an increase with increase of temperature in going 
from 15°C to 25°C. The increase of temperature from 25°C 
to 35®C leads to no increase of p mthin the error of measure- 
merit* This trend is similar to those of Eu -fxlutamine and 
Eu^'^-Aspargine systems at pH 5.0. (ii) The values of p show 
a decrease with increase of temperature. The decrease is more 
significant in going from 15°C to 25 C. This trend is similar 
to that observed in Bu^'^-Aspargine system, but not to Ihat 
observed in Eu^'*'-G-lutamine system, (iii) The values of p at 
pH 6 , 5 and 15°G and 25^0 are greater than their counterparts 
at pH 5 . 0 . The valuesof p at pH 6.5 aiid 55°C is equal to 
that at pH 5.0 and 35°C. This trend is similar to that in 
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the Eu —Aspaxgiiie system (15 C and 25°C) even thon^ it is 
not as clear cut in the Eu^'*’- Glutamine system. 

(4) Eu^"^- Glutamine System : (i) At pH 5.0, the values 

of p show an increase with an increase of teinperature. The 
trend is similar to that in the Eu^"^— Aspartic Acid system, 
excepting that in the latter system, the increase is not 
ohservahle in going from 25°C to 35°C (ii) At pH 6.5, the 
Value of p decreases with increase of temperature. The decreiiSB 
is smaller in going from 25°C to 35°C (iii) ihe values of 
P at pH 6,5 cjnd at 15°C and 25*^0 are larger than their counter- 
parts at pH 5.0. At 35°C, the value of p at pH 5.0 is greater. 
The increasing and decreasing trends of p values vilh 
increase of temperature at the two different pH values cross 

and p ^ is % p „ , _ at 55°G, In the Eu^’^-Aspartic Acid 

pH 5.0 / pH 6.5 

system, at pH 5.0, there is no increase cn change of taipera- 
ture from 25 °C to 35°C. The p values are equal at the two 
pH values at 35°C, 

Thus at pH 5.0 in Eu^'*’-Aspargine, Eu^'^-O.utamine and_ 
Eu^’*'- Aspartic Acid systems, pj^ value increases in going from 
15°C to 25°C, hut it either decreases or remains ccnstant 
when ten^erature is increased from 25*^0 to 35 C. This is 
indicative of the presence of more than <aae equilihiium of 
the Same (Isl) stoichiometry, some of which are endolheimic 
and some are exothermic. The measured p is the sum of the 
equilihrium constants for the several different independoat 
equilibria simultaneously present in solution. Tanner and 
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Chop pin [6] find that Eu^+-Glycine equilihrinm is endo- 
thermic. Glycine has only one carboxylate group. Aspartic 
Acid has two (pK^j_gg = 1.94 at 25°C (p = 0.1) for the 
a-carhoxylic acid and pK^^^gg = 3.71 at 25°C (p = 0.1) for 
the side chain carboxylic acid [31]). Thus Aspartic Acid 
can form a chelate. Co-ordination of only one carboxylate 
in Glycine cannot release enou^ energy to compensate for 
the dehydration energy, one pays for as a result of coupler 
formation. Co-ordination of more "than cue carboxylate may 
lead to release of more energy resulting in an exothermic 
reaction. We suggest that in Eu^^-Aspartic Acid system, 
one obtains a mixture of a chelate with both the carboxylates 
as co-ordinating groups (exothermic) and one or more coEi 5 )lexes 
involving the c o- ordinati on of only one carboxylate grotjp 
(endothermic). 

The stability constant p determined in this ei^eriment 
is the rati o([Eu (Asp) + [Eu Asp” ( [Asp]+[Asp] ), 

where [Asp] denotes the concentration of the zwittericnic 
form with the side-chain carboxyl group unionised and [Asp]” 
denotes the concentration of the form with side— chain carboxyl 
group in the ionised form. The concentration terms of [Asp] 
and [Asp]” in the denominator can be separately calculated 
from the known value of pE of proton dissociation equilibrium. 
The two terms in the numerator cannot be sepa.rated. In the 
complex Eu^"^ (Asp), with the side-chain carboxylic acid grotap 
ptotcnated, the binding is throu^ ihe ionised a-carboxylate 
group. By annlogy with the known values of stability constants 
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of lanthani de— ^ycinate or alaninate complexes [6,7,10,11], 
one expects the fomatioa constant of this complex to be 
below 10. The ( Eu^'^(Asp~))^ ^complex may be of two kinds : 

(i) tt— caxb oxj^l ate or side— chain canbcxylate alone binds 

(ii) a chelate forms involving binding by both the carboxylate 
groups. In a ligand with two ionised CO^ groups, one 
expects a chelate to be more preferred than the complexes 
stated in (i). The pE:(jj_gg of Acetic acid is 4.76, whereas 
P^diss side-chain carboxylic acid 3.71. By analogy, cue 
would expect association constant of Eu^^- acetate equilibrium 
to be larger than that of Eu^'*' complexes with cnly the side- 
chain Carboxylate of aspartic acid. The former being 100 
between 15^0 and 35*^C, the latter will be A/ 100. One 
concludes that the largest contribution to the Eu^'*’- aspartic 
acid stability constant comes from the chelate. The simul- 
taneous presence of the complex in idiich cnly a-corboxylate 
co-ordinates and side-chain carboxylic acid is unionized 

is consistent with the observation made in the discussicai 
given earlier that binding induced ionisation is not observed 
in a-carboxylic or a-amino group. The trend of temperature 
d^endence is similar in Eu^'^-Aspargine and in Eu^’*’-Glutamine 
systems, but the magnitude is much smaller. 

The values of p are of the same order as that of 
Eu^'*‘-Glycine equilibrium, thus indicating co- ordination 
throu^ a-carb ozylate group. One need not postulate the 
existence of a chelate involving the a— carboxylate and the 
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side chain c ar h cocaai de group as contributing exothermicity 

to the mixture. The side-chain carboxamide may have a variety 

of orientations with respect to eu^+ ion, which lead to 

energy changes of different magnitudes. The favourable 

orientations may release ion— dipole interaction energy to 

lead to overall exothermici ty. If the carboxamide group is 

pointing away from Eu^'*' ion the system is more like Eu^"^- 

glycine complex and is expected to be endothermic. The 

extreme case of a favourable oriaitaticn is co-ordinatLon to 

the metal ion. The endothermic complex will be stabilised 

by entropy, as is the case with Eu^^-Glycine complex, 

Glutamic acid system shows end othermi city at pH 5.0. !Ehe 

p^diss side-chain carboxylic acid is larger (4.07 at 

25°C |i. = 0,1) [51]. This means that the proportion of the 

complex in which Only a - carbcxylate co-ordinates 

to Eu^"^ is more than it is in the Eu^^-Aspartic Acid complex. 

The endothermic coi: 5 )Qaent being more predominant, one expects 

that the temperature dependence will show overall endo-Qier- 

"5+ 

micity, in contrast to the Eu -Aspartic acid case, idiera 
the contribution of the exothermic chelates nullifies the 
contribution of the endothermic equilibrium and temperature 
independence is observed between 25°G and 35°G. 

At pH 6. 5, both the carboxylic acid groups are coE^jletely 
ionised. Thus very little of the endo-Qiemic cor^ lex forms 
at this pH. Thus the overall exothermicity is expected. The 
same is true of Glutamic acid. 
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At pH 6. 5, according to Prados et al. [20] Aspartic 
34 - 

acid-Eu complex is substantially hydrolysed, Aspar^ne- 

complex is hydrolysed to a sli*^t extent and (autamic 

acid-Eu-" complex is hydrolysed and polynuclear complexes 

3+ 

form. Glutajnine -Eu con^lex has not be©i studied by Prados 

et al. [ 20] . 

The hi^er values of p of Eu^'^-Aspargine con^ilex at 
pH 6,5 compared to those at pH 5.0 is ccaisi stent «ith the 
presence of hydrolysed complexes at pH 6.5. Scnesson [32] 
in his extensive pH titration studies cn lanthanide-acetate 
equilibria (He also finds high values of p) find that hydro- 
lysis is significant at hi^er pH values for heavier lantha- 
nide ions and leads to hi^er values of p. At pH 6.5, 
hydrolysis begins to be significant [20]. Thus at this pH, 
unhydrolysed and hydrolysed Eu^'^-Asparglne complexes are both 
present. The quantity p is the ratio [Bu-Aspga]/[Bu]^[Aspgi] 
at pH 5.0. At pH 6.5 it is the ratio ( [Eu-Aspgn]+[Eu(Aspga)OH“]) / 
[Eu^'‘'][Aspgn] . Eu^'^(aquo) ion does not hydrolyse at pH 6.5. 

Thus p (at pH 6.5) = P(at pH 5.0) + [Eu(Aspgn) (OH*") ]/[Bu^'*'] [Aspga] 
i.e. p (at pH 6.5) = P(at pH 5.0) + Pj^ (h for hydrdytic 
equilibrium : the constant however does not include proton 
c cncentrati on and therefore is pH dependant). Thus pj^ has 
the value of 23.5 at 15°C, 15.6 at 25°C and 13.84 at 35°C 
(using the mean value of calculation) at pH 6, 5. 



3 + 

Bu — Glutand-iie ^stem at pH 6,5 contrasts the 

Aspargi-ne system in two respects (i) The difference of p 

value at pH 5«0 from that at pH 6,5 is zero or very smsil 

(ii) A weak end othermi city is observed rather than, a weak exo— 

thermicity. Prados et al, [20] have not r (ported any data 

on Ian than! de-Glutamine system, but in view of the similarity 

of results obtained by them in a large number of lanthanide- 

amino acid systems, one expects Glutamine complex to be 

similar to the Asp argine- complex in its hydrolytic behaviour. 

The difference (i) aad (ii) mentioned above need not be 

intesrpreted as indicative of absence of hydrolysis. The value 

of A changes by as little as 65 O calories per mole if K 

changes from 10 to 30 at around 300°K. Small differences 

in hydration, which affects both energy’’ and entropy can 

account for a, change of this magnitude. Thus if at pH 6,5* 

5 + 

one expected by analogy with the Eu -Aspargine system a 
value of K of /v 3 O, one need not be surprised to have obtained 
K 10. The same effect can explain a change from weak 
exothermici ty in the Eu^'*'-Aspar^ne system at pH 6.5 to weah 1 

end othermi city in the Eu^"^- Glut amine system at the same pH. 

Since energy released in Eu^^-OH interaction is about "the 
same in the two cases, weak end othermi city (change of p of I 

7 to 11 in response to change of temperature from 15 0 to 35 0 means 
£lH° is +5 kcal/mole) r^ay mean hi^er degree of dehydration I 

Of the metal ion. This effect will also be lower compared to ; 

that in the Eu^"^- Aspargine system in pH 6.5 (ihe degree of 1 
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exothermicity is ^ 2 kcal/mole corresponding to a change 
of p from 33 to 28 in going from I5°c to 35°C). It is to 
be pointed out that the effects being interpreted are small 
in magnitude. In view of the small change in p with change 
in pH, a pH titration experiment caa lanthanide- Glut aJQine 
system is perhaps worth performing in spite of any expecta- 
tion based on analogy. It is possible that the pH at idiich 
hydrolysis sets in is slightly hi^cr than in the Eu^'^'-AspargLne 
case, resulting in smaller values of p^^ at a pH of 6.5. 

The relationship between p at pH 5.0 and p at pH 6.5 
3+ 3+ 

is not as simple in Eu -Aspartic Acid and Eu"^^ -Glutamic acid 
systems. In Eu^ -Aspartic Acid equilibrium, measured p at 
pH 6. 5 is the ratio ([Eu^”^ Asp ] + [Eu^*^ Asp CH“ or/and 
(C® ) 2 ] ) J» since Aspartic Acid exists only in the 

anionic f orm,':'rhGreas at pH 5.0 p is the ratio ( [Eu^ Asp] + 
Asp" ]) /[Bu^"''] ( [Asp~ 3+[Asp]) . The relationship is 
more complex in Eu^"*"- Glutamic acid system because of the 
presence of polynuclear complexes. Thus a simple analysis 
of their relative values is not possible. 

¥e have discussed evidence existing in literature [13] 
for 1:2 lanthanide-alanine complexes. Titraticgis performed 
by us have been carried out with large excess of ligand concen- 
tration (compared to metal concentration) but the absolute 
niagtiitude of free ligand concentrati caa is 10 - 10 M* If 

^1 aJici ^2 "^nlues are comparablef as is the case with alsniiie, 
it is difficult to form a suhstantlal concentration of [MLg] 
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coiDplex at "this level of metol concentration. Elgavish 
and Reuben [15] could have absolute concentrati csi of ligand 
rangiiig up to 1.5 M. It was possihLe to find a nonzero 
value 6 2 comparable to that of only at such hi^ ccncen— 
traticn. This is a case where low solubility of ligand 
stands in the way of determining p values for complexes of 
higher stoichiometry. At the range of concentration acce- 
ssible, §2 would be detectable only if it is several order 
of magnitudes larger. 

In analysing titration data, we have not considered 
the possibility of a mixed complex with ligand and buffer 
both simultaneously binding to the metal ion. Measurement 
of p at a different buffer concentration can decisively 
demonstrate the presence or the absence of such mixed 
complexes. The ratio of the concentration of mixed coii 5 )lex 

to that of metal-ligand complex is P^i^ed complex* 

free]/BM 4 . n t • j Free ccncentrati cxi of buffer 

■‘''^Metal-ligand complex 

is in the range of c-v 10”^ M, If the ratio of the p values 
is of the order of unity, the mixed complex will not be 
detectable in the presence of the metal-ligand complex. 

The computer programme used for data analysis is 
an improved version of MINI QUAD written by Sabatiiai et al. 
[33]. The later modifications were obtained from Dr, P.ffans 
of Shelfi eld University. The programme in the form used in 
this work is given in Appendix A» with sufficient details to 
be useful to someone using it for the first tlae. 
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System 

pH 

Temp. 

Total Concentra- | 

T ot al C one ent ra- 




tion of EuCT 

tion of Ligand 




[M]^, (Moles per lit) 

[L]^(Moles per lit) 



35°C 

1.31x10'"^ to 8.48x10"^ 

1.34x10"^ to 5.5x10“^ 




1.51x10“^ to 1.05x10"^ 

1 . 27x10“^ 1 0 5 . 31x10“^ , 




1.84x10”'^ to 1.27x10"^ 

1.32x10“^ to 5.45x10“^ 

Eu^- 

Aspargine 

5.0 

15°C 

2.07x10“^' to 1.77x10"'^ 
5.2 xlO”"^ to 3.71x10”'^ 

1.88x10'^ to 3.74x10"^; 
1.31x10"^ to 5.14x10"^; 

7 —2 




8.00x10”^ to 5.72x10”^ 

1 1.30x10 to 5.11x10 




9.72x10"^ to 7.27x10“^ 

2,36x10"^ to 5. 06x10"^ i 




1.07x10"^ to 8.34x10”^ 

1.85x10“^ to 5.08x10”^: 


6.5 

35 °C 

1.78x10"^ to 1.24x10“^ 

3.33x10"^ to 1.39xl0’’^| 




1. 99x10""^ to 1.53xl0”'^ 

3.31x10“^ to 1.14x10- 




2.25x10"'^ to 1. 55x10 

3.44x10“^ to 1.43x10“ : 

« O; 




1.59x10”^ to 1.09x10'^ 

3.50x10“^ to 1.44x10“ ' 

Aspartic 

Acid 

5-0 

15 °C 

4.29x10"'^ to 3.10x10"^ 

3 . 6 2x10“^ 1 0 1 . 43x10“ ^ 




7.54x10”^ to 5.22xao“^ 

3,74x10“^ to 1.55x10 ! 




1*23x10’'^ to 8.80x10“^ 
1 9,48x10"'^ to 6.58xl0""‘‘ 

! 1.55x10"'^ to 1.11x10"^ 

1 

3.69x10“^ to 1.45x10“ j 
3,72x10“^ to 1.55x10“ 
3.66x10“^ to 1.45x10”^ 

i 


Tatle V ? 


Total concentration of EUCI3 (l%) and imino Acid 
(L ) used in titration experiments. Tlae values of 
ooLentraWon reiBaia approximately the same at other 
yalaes of temperature. The range used Ih Bu -Aspartro 
Acid titration Is about the same as that used 
Bu^-eiutamlo Acid titration and that used “ “ 7 

Aspargino titration is about the samo as the used in 
titration. 
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Hs^er sensitive Traiisition s 

In this chapter, we first describe the experiniQatal 
methods used to measure ihe enhanconent of oscillator 
strength of hypersensitive transition of Eu^"^ 

ion in its amino acid complexes, at differetit values of 
temperature. The ahsorpticn band is resolved into a sum 
of several Gaussians. The parameters of the Gaussi^ (i.o. 
position of center, hei^t and width at half.hei#it) are 
the variables of the curve fitting programme. The results 
of the analysis of line-shape are summarized. The magiitude 
of the mdar enhancement of oscillator strength as well as 
the results of line shape analysis are then discussed. 

Experimental Method s 

(i) Preparation of solutions ; {99.9/C pure) purchased 

from Sigma Chemical Company, USA is converted to SuCl^ (solid) 
by repeated evaporation with Inalar HCl. EuGl^ is dissdLved 
in a 0.100 M KCl solution. The latter is prepared by dL^ Giv- 
ing Analytical Grade KCl in deionised water. The solutiaa 
is filtered throu^ Millip ore Filter. Its concaitraticn is 
then determined by the procedure described in Chapter II. 

Amino Acids a,re stored in a dessicator. Bie soluticn of amino 
acid ligand is prepared by weighing a definite amount and 
dissolving it in Deionised Millip ore water (p = 0.100 mlh KCl) 
kept in a volumetric flask (prewa#ed wilh Millipore water) . 
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The quo.n’ti "ty weired is large. The error in ligand cougqi— 

■braii ^ is esiiimaied "to he enlirely ne^igihle (discussed 
in Chapter III). Millipore water is used to nriLniioise conta- 
minati on. with dust. This is necessary in order to reduce 
any error introduced in the small absorption si^al to be 
measured, arising from scattering of li^t by dust particles. 

(ii) Both metal and ligand soluticn are unbuffered . Biis 

creates considerable problem in adjustment of pH of the 

mixture of the two scxLuticns to the desired value after 

mixing them in the cuvette for absorpticn measurement. In 

spite of this difficulty, use of buffer is avoided. If 

■= 5 + 

buffer is used, Eu-"^ ion binds to buffer and the complex 
absorbs light. The free concentraticn of Eu ion in Ihe 
reference and in ihe sanple cell are different. Sius Ihe 
ccncentraticn of Bu^''’-buff er complex is not going to be 
equal in the two cuvettes. Thus the differeace in ateorp- 
tion that is experimentally measured will haye to be corrected 
for absorpticn of buffer couplex. The error of measure- 
ment of E and of Eu^'*'- buffer complex will introduce 

additional error in the determinaticia of ihe enhancement 
of oscilla.tor strength of the hypersensitive band. !lSu.s is 
particularly true because the differaice of absorp'y.cn being mea 
sured is small in absolute magnitude, 4 small errcr in K 
and A £ of Eu^’^-buffer cOEplex is likely to introduce a 
1 ar ge p ere en t age err or in th e v alue of b ^ng measured. 



17 D 


of soima.Qas for spectroRconin 
. measuremeni; : a mixture of ligaud and metal 

soluticais at a fixed pH is prepared in the curette for 
spectroscopic measurement in the following way : The ligand 
soluticn at a pH greater than the desired pH is weired 
in a cuvette. solution is added to the ligand. The 

EuCl^ solution is concentrated 0,7-0. 8 M) . !aie pH has 
to be low (<^4) in order to obtain a ccsac^trated solution. 
The pH changes on addition of eu^‘‘‘ soluticn. Therefore, 
one has to adjust the pH by additicn of HaOH solutioa after 
the liquids are mixed. The exact volume to be added is 
predetermined by one or more trial experiments carried out 
by immersing the cuvette in a water bath maintained at the 
desired ten^) erature. In an actual experiment, one adds a 
weired volume of ligand, metal and Ha® soluticn to ihe 
cuvette and mixes them, 3he cuvette is then immersed in a 
water bath fixed at the desired ten^serature. A microelec- 
trode is then immersed in the cuvette and the resultant pH 
is measured. Its value is almost always equal to Ihe desired 
pH within +0.05 units. Sometimes a minor adjustment of pH 
is necessary. This is carried out ly addition of 1—2 pi 
of NaOH or HCl. 1 \il is 5x10"'^ times of 2 ml, ttie total 
voiluni©* Thus "this additi on does 21 ot altsr ihe ccuc^.tration 
values significantly. When the sicroelectrode is removed 
from the cuvette, a small voluine of liquid is lost. Tills 
loss introduces no error# The varxou exponents of the 
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mixture are already mixed and equilibrium is attained. 

Ihe c coicentrati Gn. values are not altered whoa a small voLume 
is lost. The 1 or 2 til of NaOH or HCl that may ihm be 
necessary is^ in any casej much smaller than the volume of 
the liquid in the cuvette. 

The solution in tbe reference cell is prepared by 
addition of an identical volume of EuCl- to a 0.100 M ECl 
solution of a volume identical to the volume of the ligand 
solution taken in the sample cell. 

The spectrum is then recorded with the mixture of metal 
and ligand solution in the sanple con^artmgnt and the EuCl^ 
solution in the reference cell. 

Let the value of total concentration of metal and 
ligand in the sample cell be C^(M)and C^(I). The ccncentraticn 
of metal in the reference cell is Cj(M). Of 1±ie quantity 
Orji(M) , a certain fraction Cg(M) is bound. Thus the measured 
difference in absorpticn is the difference in absorption of 
Cg(M) in bound form and Cg(M) in free form. 

(iv) Recording of the spectrum ; The quartz cells used 
for hypersensitive ahsorpticn measurements are a matched pair 
of Hellma cells. They were being used for the first time 
and therefore were absolutely scratch free. The base line 
of the C ary 17 I) ^ectrometex in the region of interest is 
straightened- air vs air and cell vs cell before every esp)eri— 
ment. The straightaaing is, i<me wilb. 0.02 O.D. full scale 



and 0,6 nm/inch settings. Once the base line is set, it 
is not necessary to set it for sometime. The chart-speed 
is kept at 0.01 nm/sec, sometimes at 0.00 5 nm/sec. Thus 
the pen stays at the same wavelength for long and gives 
a complete recording of the noise. The middle point of 
the recorded sum of sigpal and ndse is taken to be the 
magnitude of the signal. At the settings of the spectro- 
meter, the pen fidelity is much iii^er than 1, the desired 
number that makes- the recorded sigial a true copy of what 
is instantaneously sensed hy the photomultiplier. The 
resolution can he improved by further adjustment of -the 
slit control but it increases noise unduly. The optimum 
spectral, band width is 0.05 nm. The spectrometer was 
calibrated before the experiments were performed and 485.99 
nm line of the Deuterium lamp was found to appear at 485.85 
nm. The room was not at a fixed temperature. The calibrar- 
ticn shifts by 0,003 nm/'^C. Thus a maximum change in 
calibration iS 0,02 nm. The temperature in the cuvette 
is kept constant within +0.1 °C by circulating water at a 
constant temperature around the cuvettes from a constcint 
temperature bath. The temperature of the water baih is 
fixed at a value depending on the room temperature, such 
that temp erature as measured in Ihe cuvette has the desired 
value (15°, 25 ° or 35°C)i The measureooat is performed 
immediately after preparation of sdLuti on. when this is not 
p osai bl e du e t o 1 ack of availatdli ty of th e sp ec trometer , 
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3 , shif't of W8y 8l 6iig1iti as w6ll as cliange oi int^sisity ars 

noticed on storage for 24 hours* At pH 6. 5> conc^atration 
’54* 

of Eu is kept at a sigaificaiitly lower value than that 
at pH 5.^0 to avoid precipitation. The pH 6*5 spectra are 
therefore more noisy. The problem is particularly acute 
in the case of Glutamine at 35*^0, Glutamic Acid at 35^0 
and Aspartic Acid at 25^0 and 35°C. There is a special 
experimental difficulty of working at 15°C during the humid 
summer mcnths. In spite of a dehumidifier, dew formaticai 
is unavoidahle on the cuvette. The flatness of the base 
line is affected by as much as 0,0003 0,D. units. 


(v) Lineshap e analysis of the absorpticn curve j The 
obseived absorpticn spectrum is expressed as a sum of 
several Gaussians. The center, hei^t and half-width of 
the Gaussians are varied over a wide range using a con|)Uter 
programme (Details given in Appendix 3 ) until the best 
least square fit is obtained. The programme used can fit 
the obseorved curve with as many as fifteen variables. 


Since there are three variables per Gaussian* five Gaussions 


with variable 
curve-fi tting 


center, hel^t and half— width can be used in 
5 -(x-x. ) ( o) 

(y(x) = X- Cie ^ /2 where Cj_, Xj_ 
1=1 


and are height, center and. width at half height cf the 
i"^^ curve. If Ci=0, a particular Gi'jussian is absent). The 
maximum number e# separate transitions in the 1 ^ 2 '^ 
band is five. Thus the programme is just adequate for our 


purpose 
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The shape of the cuive is read from the chart paper. 

The value of O.D, at a certain wavelength is taken to he 
the middle p oint of the recorded sum of signal and ncise. 

If sigial averaging is done to obtain a virtually noise- free 
curve one would obtain this middle point as the average 
signal. The slow chart speed used (0.1 nm/sec or 0.0G5 nm/ 
sec) is crucial in obtaining a reliable estimate of the 
middle point of the noisy curve. The pen runs up and down 
many times almost at the same wavelength to give a con^jlete 
record of the noisy signal. 

Twenty spectra are obtained for the same system. 

The values of curve-fitting parameters obtained from diffe- 
rent curves, give a reliable mean and standard deviation. 

In a large number of systems, standard deviation is sufficiently 
small to make the mean value a physically meaningfxjl parnr- 
meter. The results of line-shape analysis for the different 
systems studied are summarized in Table I. 

The oscillator strength of a spectral transition 
is given by the formula [1] 

f := 4.32 2 10”^ 9n/(n^+2)^ je(5) ® , 


where e(D)is the raeasured molar extinction coefficient 

as a funcbicn or bne frequency ineasured in wave numbers 

-1 


centimeters , n is the refractive index. The area under 
the experimental absorption curve is measured by a plani- 
meter in square inches , Iho area is divided by the concen- 
tration of olie complex (calculated from total concentration 
of metal, total concentration of ligand and the known value 
of metal— ligand stability constant) to get the area represent- 
ing enhancement per mole. 1 inch along y-axis on 0.00 2 O.D. 
full scale represents 0.02 O.D (In 0,05 O.h. Full scale 
it is 0.005 O.D,), 1 inch along x-axis is 0,06 nm at the 


speed used. How, 0.002 O.D, means a value of s = 2x10 


-3 


— 1 -*-1 

moles lit cm with a path length of 1 cm, i.e, - 2 in 


—•1 2 - — Q 

mole cm unit. On the x-axis 0,06 nm = 6x10 cm. Thus 


1 sq.inch = 2x6x10“^ mole“^cm^ (in 0.02 O.D. Full scale used 

—9 —1 3 

for amino acid cowplexesj it is 5x6x10 mole cm for 0.05 
O.D. Full scale used for Eu^'*' aquo ion). How, comes the 


d 


conversion to expressing frequency in wave numDers, d ij 
where 'x> is wave number and ,X is wax’"© length. Value of (X 
taken is that of the middle point of the band^464.30 nm 
(in cm) n=1.33 gives 9n/(n=+2) "=C'.84. Area in sq.inch is multiplied 
b 3 ' 0.84 X (I2xl0”^^) x (1/(464.30x10 (4.32x10 to give | 

osci3.1ator strength in molo“^cm (in 0,02 O.D. Full Sc^e; 

is to be replaced by 30x10”^ in 0.05 O.D. Full Scale). 


12x10 




The data of the molar oscillator strength of Bu aquo xon 
is given in Table II, that of tbe molar enhaiacar-ent of the 
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oscillalar strength of the complexes is given in Table III, 

In Table 11 error is calculated in two different methods. 

The error in (calculated using mean value of and 

the error in the area measurement give rise to an error in 
the EQolar oscillator strength. The concentration of the 
metal-ligand complex is calculated by calculating it by 
using ^ and — o, Thus one obtains the two error 

limits of the concentration of the complex. The molar 
oscillsator strength is the ratio of the observed oscillator 
strength to the concentration of the complex. The area 
measurement has an error due to noise. The error in the 
rS.tio is calculated from the standard formula given in 
Chapter I. calculated from i 5cr is also used to 

calculate the concentration of the complex. These quantities 
are then used to calculate molar oscillator strength. 

These values give the maximum error of oscillator strength 
values. When is changed to all the oscillator 

strength values at tho same pH aro shifted in the same 
direction. Thus comparison of values of oscillator strength 
at the same pH yields the same trends irrespective of 
whether calculated from mean 02 ? + 50 is used. 

While comparing values of oscillator strength at different 
pH values, one needs to consider the maximum error associated 
with measurement at a certain pH, 

In the following, wf state and discuss the results 
of line shape analysis for each syst^ separately. 


(aquo) ion ; 

The experiments are done at pH 3.0. The spectrm 
is identical at pH 4.0. The value of 3.0 of pH is chosen 
in order to got a sufficiently concentrated solution such 
that a good signal to noiso is ohc^xned. The spectra are 
resolved into a sum of three Gaussians. The parameters of 
the component Gaussians give a standard deviation that is 
expected in view of the magnitude of the noise. At 15°G, 
dew is formed on cuvette surface. The area under the 
curve does not show ahnormally large standard deviation. 

The line positions show larger standard deviation than is 
seen at other values of temperature. The intensities show 
significant variation from one curve to another. The sum 
0^+02 shows much smaller ( fV 4% ) standard deviation, than does 
C^.and C2 separately. The more clearly separated largest 
wavelength Gaussian shows a larger, yet acceptable error. 

Thus we quote the values of (0^+02) *^3 only. Dew 

formation on the cuvette surface at the time of the spectral 
measurement is suspected from the variation in the values 
of and.G2 in going from one curve to anther. Dew is 
visibly formed when one taices the cuvette out. The best 
"estimate of the separate values of and C2 is obtained 
from the first one of all the absorption spectra recorded 

at 15 °G, Dew formation is minimum in the first spectrum. 

The cuvette has stayed longer in the cell compartment when 
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the latter spectra are recorded and dew formation will 
have larger effect on them, 

The values of intensity parameters and C2 show 
larger standard deviation than does the sum 0^+02 at 25^0 
and 35 C, This is a result of the fact that the separation 
between the centers of the G-aussiansis comparable to the 
sum of the widths at half height. At 25°C, separation 
between the centers is 0.62 rma, sum of widths at half 
height r->0.57 nm. Standard deviation of is 25/, , 
that of C2 is 10/. , but that of C^+C2 is . 

The intensity parameters do not change significantly 
when temperature is changed. The mean value of {C^+C2)/C^ 
is larger (7.8) at 15°G, but the error is also large {+_ 1 » 9 )» 
However if one considers only the first curve, the ratio 
is 9.7. The difference from the corresponding quantity at 
25°C (6.4 + 0.4O is within experimental error. 

The centers of tho Gaussians show a small temperature depen- 
dent shift slightly beyond experimental error. The shift 
is obvious or comparing dr-ta at 15 0 with xho data at 35 C. 

Bu^'^-Glutamic Acid system at pH 5.0 ♦ 

The spectra are resolved into four Gaussians at all 
throe values of temperature. In the discussion that is to 
follow, we call the Gaussian at the lowest ^ as the first 
Gaussian and the one at the hi^st as the fotirfeh Gaussian 



and so on. The second and the third G-aussians are located 
very close together. Whereas the separation between the 
centers of the first and the second Gaussian is 0.66 nni and 
that between the third and the fourth is 0.49 nia, the 
second and the third are separated by 0,24 nm. However 
this small separation is significantly above the error of 
measurement. All the fifteen spectra analysed give the 
same result, i.e. a resolution into four Gaussians with 
good precision of the parameters. In contrast, Su''^(aquo) 
ion spectra gives three Gaussians consistently in all the 
twelve spectra, which have been analysed. The lines 
cent or ed at 464.30 nm and 464.54 nm (mean values at 35°C) 
in tho Eu^-Glutamic acid spectra are shifted and merged 
together in the Gaussian centered at 464.49 nm in tho 
Bu^'^(aquo) ion spectrum at 35 °0, The inner Gaussian at 
464.30 is shifted significantly so as to bo resolvable 
in the Eu^-Glutamic acid system. 


Another clear shift is that of the fourth Gaussian 


(at the hipest wave length). It is shifted by - 0.43 

( +0,03) nm at 35°C| ” 0.48 ( +0.05) nm at 25°C and - 0.59 

( +0,03) nm at 15°C. 


The intensity parameters show that the ratio 

-o. 


IS 1.83 t 0.18 at , 1.82 + 0^3 at 25°0 

and 1.79 + 0.15 at 15°0. The same ratio in Bu (aquo) 

« 4- + 0.49 at 25^0, 6.78+0.58 

ion is 7.8 + 1.9 at 15 0, 6,58 t o.+y ^ » 

at 35^0, The preferential ^ancement of ^he loixgost 



wavelength aaussian is clearly established. The ratio 
^4^^1 ~ ^• 1'5 at 35°C and I.91 + o,46 at 25°C for 

the Eu^'^-G-lutaiQic Acid complez, whereas the same ratio is 
0.48 ( +0.11) at 35°0 and 0.50( +0.13) at 25°C for the 
Bn (aquo) ion. The longest wavelength Gaussian (at 465.03 
nm at 35 GJ is preferentially enhanced compared to the 

I 

shortest wavelength Gaussian (at 463.96 nm at 35°C). The 
magnitude of the preferential enhancement in both cases is 
not significantly temporaturo dopendent. 

The values of C2 and show abrupt changes in going 
from one curve to another for the same system. The standard 
deviation of is, however not large. This arises from 

the very close proximity of the two inner Gaussians and the 
uncertainty due to noise. The ratio (G2+G^)/C^ is 1,26( +0.20) 
at 35°C and 1.29( +0.07) at 25°C, 1.29( +0.18) at 15^0, 
whereas in the aquo ion it is 4.75( +0.5) at 35 0, 4.33(+0.54) 
at 25°C (at 15°C the ratio has hi^ uncertainty due to dew 
formation) . Thus the highest wavelength Gaussian is preferen- 
tially enhanced compared to sum of the two inner Gaussians. 

The ratio (C2+C3)/C^ is 2.2(+0.9) at 35°C, 2.5(+0.6) 
at 25°C and 2.6(+0.8) at 15°C in the Glutamic Acid complex. 

The same ratio in the aquo complex has the value 2,3(+ 0.5) 
at 35%, 2,17(+0. 56) at 25% and 3.0 (the value of _ the first 
curve) at 15%. change is insignificant on <iiange of 

temperature as well ns complex formation. 
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Tlie values of the width at half hei^t show that 
the width of the first and the fourth Gaussian do not change 
significantly on complex formation with Glutamic Acid. The 
inner Gaussian of Bu^+ (aquo) ion has a width which is 
approximately the sum of the widths of the two inner Gauss- 
iahs of the Glutamic Acid complex. This observation is 
consistent with the hypothesis that the Gaussian centered 

r^4C3 *3 nm in Eu —Glutamic Acid complex shifts by^'v/ 0.1 
3+ 

nm in the Eu (aquo) ion to merge with the Gaussian centered 

at 464.54 nm (at 35°C) to give the unresol vable inner 
3+ 

Gaussian of Eu (aquo) ion. The large width of the latter 
indicates that the shift is more like /\y0.1 nm rather than 
0.2 nm. If the Is-tter is the case, the width is not expected 
to be the sum of the widths of the inner Gaussians of the 
Glutamic Acid Complex. Thus there are three important 
features tha,t emerge out of the comparison of the spectrum 
of Eu"^ (aquo) ion complex with the spectrum of Eu -Glutamic 
acid complex. 

( 1 ) The Gaussians in the Glutamic Acid complex shift frcan 

their respective positions in the aquo ccmiplcx. (i) One 
of the two Gaussians which are overlapping and appear 
to be one Gaussian at 464.49 nm at 35°C in the Su^Caquo) 
ion spectra shift to longer wavelength by (\j 0.1 nm 
and (ii) the Gaussian at the longest wavelength in the 
spectrum of Eu^"*^ (aquo) cemplex shifts to lower wavelength 
in the Eu^"^ -Glutamic Acid complex by nJ 0.4 nm. 
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(2) The relative intensities alter : the longest wave- 
length Sansslan in (a^no) is enhanced oore slgni- 
ficantly thaji -the others. 

C5) Temperature dependence oi spectral parameters is not 
Significant . 

Eu"'^ -Aspartic Acid system a t pH 5 ; 

(i) ihe ch.a.nge in uhe positions of the centers of 
Graussians with temperature are not significant. 

(ii) As is observed in the G-lutamic Acid system there 

are four Gaussians at 15^0 and 25 ^C. The difference between 

the mean values of the positions of the centers is much 

larger than the standard deviations. The positions of the 

center of the first three Gaussians are exactly the same 

"5+ 

as those in the Bu -Glutamic Acid system, Ihe longest 

wavelength peak in tMs complex is at a. significantly lower 

*5+ 

wave length compared to that in the Eu''^ (aquo) ion (<^ 465.1 

5+ 

nm compared to (^ 465 .5 Km), but compared to the Eu -Glutamic 
Acid system, it is at a slij^tly hi^er wave length (^^^0.05 na). 
One of the two inner Gaussians ( 464.35 nm) is shifted 

to longer wave length to be merged into one Go.ussian at fV 464.5 
nm in Eu^ (aquo) ion. 

(iii) The spectrum of this system at 5 5 °C shows one Gaussian 
centered at an intermediate wavelength ( /x-* 464.4 nm) campared 
to two Gaussians at 15^0 and 25®G C ^464.35 and (sj 464.55 nm). 
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There is a shift of the peak at 464.55 to lower wavelength, 
hut the shift need not ho large to lead to a merger, 
because the Gaussian at 464,55 has smaller intensity 
{O 2 0*45 and 0,28) compared to = l,i 6 and 2 , 5 ). 

(iv) The ratio (C^+C 2 +C^)/C^ is 3.13+0.56 at 15®C, 

5 •20+0, 5 8 at 35 0 and* 7.29+4.62 at 25^0. The enhancement 

of the longest wavelength Gaussian is clearly established 

at 15 0 and 35 0 (for immediate comparison, the values of 

3-f 

this ratio in Eu*^ (aq[uo) ion are 7.8 + 1.9 at 15°C (or 
9.7 for the most reliable first curve), 6.38 + 0.49 at 
25 *^ 0 , 6,78 + 0,58 at 35^0) • At 25°G, the error is too 
large. The preferential enhancement of the longest wave- 
length Gaussian is however less thsm that observed in 
Glutamic acid complex (values for immediate comparison in 
the latter complex arc 1,83 + 0,18 at 35°C, 1.82 + 0.13 
at 25°C and 1.79 + 0.15 at 15°C). 

(v) The two inner Gaussians are quite close and are 
merged at 35°C. Therefore, in the discussion on the rela- 
tive intensity, we will discuss the ratios ( 82 + 0 ^) and 
G^/C At all values of temperature, G^ is comparatively 
larger compared to that in Bu (aquo). The ratio 

is 4.75 (+ 0 . 50 ) at 35°C and 4.33 (+0.54) at 25°C in 
Eu^"^ (aquo) ion, whereas in the Bu^ -Aspartic Acid cMplax 
it is 2.55 (+0.6) at 15°G, 3.07 (+0.56) at 35°C and 

(+ 4 , 3 ) at 25*^0. The moan value at 25°C is ancealous 
and may reflect an artifact of mirve fitting of a noisy curve 
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The large error of course makes it equal to the values 
at 15 0 and 35 C within error limits. The enhancement 
of the highest wavelength Gaussian is again indicated, 

(vi) 0»50(+0.13) at 25°C and is 0.48(+0.11) 

at 35 C! , in Eu (aquo) ion. In Eu —Aspartic Acid c(Mplex 
it is 1*69 (+0*80) at 15 0, 2»5(+ 1,5) at 25 ^G 

4.95 (+1.93) at 35°G. The relative enhancement of the 
longest wavelength Gaussian compared to the shortest 
wavelength peak is indicated. 

3+ 

The conclusions are similar to those in the Eu - 
Glutamic Acid system except for the anomaly regarding the 
relative enhancement of the longest wavdLoigth Gaussian 
at 25°C. 

‘ 54 - 

Eu"^ -Aspargine at pH 5*0 s 

(i) At 15°C and 25°G, there are four Gaussians, their 

centers being approximately at the same wavelengths as 
those of the Eu^"^ -Glutamic Acid and Eu^-Aspai-fcic Acid 
systems. At 35^0, the two lower wavelength Gaussians shift 
very little or not at all. The two hi^er wavelength 
Gaussians merge into one Gaussian at an intermediate value 
of wavelength ( rv/464.80 nm instead of two Gaussians 
at 464.5 and rvy 465.1 
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(ii) At 15 C, there is large standard deviation in 

values of C^, C2 and Horever the intensity parameters 

that can he reliably discussed are (G^+G^+C^) and fhe 

standard deviations in these quantities are small. At 

25 G and 35 G, values of G^ and of (02+0^) arc also quoted 

separately. Standard deviation of G^ is large, but is 

less than that at 15°C. At 15°G the ratio (G,+Gp+C„)/C . 

is 3*68 1.38. At 25^G, it is 4.0 + 2,1, fho same ratios 

3+ 

in EU (aquo) ion are 7.8 + I.9 and 6.4 + 0 , 15 , At 15°C, 
the ratio is 9.7 if one uses the value for the most reliable 
first curve, The preferential enhancement of the longest 
wavelength Gaussian is beyond experimental uncertainty. 

This ratio at 35°C is 1.82 +0.8 i.e, the longest wavelength 
Gaussian is enhanced more significantly, ¥e believe that 
the difformce of this value from that at 15°G and 25'^G is 
an arcifact of curve analysis and is coupled to the acceptance 
of a model with only one Gaussian at 464.80 nm rather 
than two separate Gaussians, 

The conclusions are as follows ; 

i 

highest wavelength Gaussian is preferentially 
onhancod. The values are in the same range as those 
of Glutamic Acid and Aspartic Acid complex, but 
large errors for the Aspargine complex prevent a 
compe,rison of relative values. 
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(ii, The highest wavelength Ganssian is also shifted 
hy (V 0.4 nm to lower wavelength compared to 
(aquo) ion. The shifted location of the peak is 
the same as those in the Glutamic Acid and the 
Aspartic Acid complexes, 

(iii) Temperature dependence of the lineshape is 
insignificant. 

■5+ 

Eu -Glutamine pH 5»0 : 

(i) At 25*^0 and 35°C, the spectrima is resolved into 
three Gaussians. The hipest wavelength Gaussian has its 
large characteristic shift of /n-^ 0.4 nm. The wavelength 

of the lowest wavelength Gaussian is about the same as that 
in other complexes; as well as in Eu^ (aquo) ion. The 
two separate inner Gaussians observed in the other amino 
acid complexes are merged. 

(ii) The ratio of the intensity parameter* show a 
preferential enhancement of the longest wavelength Gaussian. 
The ratio C^/G^ is 3«26 (+1.38) at 25*^0 and 3«57 (+1»43) 

at 35°C. This is to be compared with the value of the same 
quantity in Eu^(aquo) ion, 0.50 (+0*13) at 25 0 and 
0.48 (+0.11) at 35°G. The values are ccm^arable to those 
in the Aspartic Acid and Glutamic Acid complexes. The 
longest wavelength Gaussian is preferentially enhanced. 
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(iii) Ihe ratio Oj/Oj m the ocMplex 

oorreaponds to the ratio ( 02 + 0 j)/ 0 ^ in -he other oompleres. 

The values of -the ratio are 2.79 (+0.62) at 25°c and 

2.76 (+0.56) at 35 C, These values are comparable to those 
in -Aspartic Acid system ( 2.55 (+0.60) at 15°C and 

3.07(+0.56) at 35 °C), larger than those in Eu^-Glutamic 
Acid system ( 1.26 + 0,20 at 35°C, 1.29 + 0.07 at 25°G, 

1.29 + 0.18 at 15°C), but smaller than those in Eu^ (aquo) 
ion. The Gaussian at the longest wavelength is nreferen— 
tially enhanced, 

(iv) At 15°0, there are only two Gaussians, The ratio 

of intensities is 15*2 (+1.6), which is in total disagre«nent 
with those at 25°C and 35°C. 

(v) The ratio (G^+G 2 )/C^ in this systcmi corresponds 
to the ratio (C^+C 2 +G^)/G^ in the Eu^-AspargLne system. 

Its value in Eu^— Glutamine complex is 3.09 (+0.67) at 25*^0 
and 3.04 (+0.59) at 35°G. In the Eu^'*'-AspargLne conplex, 
it has the same value within error limits. This value is 

*7 t 

again much smaller than in Bu' (aquo) ion (6.38 + 0.49 at 
25°C and 6.78 + 0.58 at 35°G). The preferential enhancement 
of the highest wavelength Gaussian is clearly beyond the 
error limits. The magtaitude is comparable to that of Aspartic 
Acid complex, but is less than that of Glutamic Acid complex. 
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Eu^-G-lutamic Acid at pH 6.5 : 

(i) The spectrum is resolTed into two Gaussians. One 
of them corresponds to the longest wavelength Gaussian of 
the spectra at pH 5.0, but are at somewhat hi^ier wave- 
length. The othor Gaussian corresponds to the two ijiner 
Gaussians of pH 5.0 spectra, 

G-, 

(ii) The ratio -- 2 at 15°G and 5 at 23 % 

O2 ' 

(lower wavelength Gaussian carries the label 1). 

(iii) The Gaussian at the lowest wavelength in the 

pH 5*0 spectra is either enhanced insignificantly or shifted, 

(iv) The preferential enhancement of the longest wave- 
length peak is established, irrespective of the alternative 
possibilities stated in (iii). The ratio ( 0 ^ 02 )/^^ ^ 

(aquo) ion is 7*8 (+1.9) at 15°C and 6.4 + 0.45 at 23 % • 

(v) The spectral parameters in this system are tempera- 
ture independent. 

¥g conclude (i) Hypersensitive absorption line- 
shape is significantly pH dependent, i.e. the species at 
pH 6,5 is different from that at pH 5.0. (ii) The shift 
of the longest wavelength Gaussian is smaller than that at 
pH 5,0. (iii) The preferential enhancement of this peak is 
again obsorvod. (Iv) lomparature dopendmoo ia not ob3ar.ed. 
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-Aspartic Acid at -pH : 

(i) There are t¥o Gaussians at 15°C. Both are shifted 
to slightly lower wavelength compared tc the Glutamic acid 
complex* 

(ii) The Gaussia.n at the higlier wavelength is more 
intense (by a factor of 5.6). This effect is consistent 
with the general observation that higher wavelength 
Gaussian is more enhanced. But the order of absolute 
magnitude is reversed. 

(iii) The difference of this system with Bu^-Glutamic 
acid complex at pH 6,5 and Bu -Aspartic Acid complex at 
pH 5.0 is clear* 

(iv) The lowest wavelength Gaussian (A/ 465.9 nm) observed 
at pH 5.0 is again cither very low in intensity or is signi- 
.ficantly shifted. 

Eu -Aspargine at pH 6.5 : 

(i) The Spectrum is resolved into four Gaussians at 15^ t 
but the one at longest wavelength centered at 464.76 nm is 
considerably more intense compared to the ether three at 
lower wavelengths. The ratio C^/CC^+Gg+C^) is 4.68(i2.49). 

(ii) At 25 °G, there is only one Gaussian centered at 464,66 
nm. In fcoth cases the Gaussians are much wider than observed 

in the systems discussed earlier (width at half hei^t being 
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0.37 and 0,45 nm respectively), indicating that the 
Gaussian is formed as a result of overlap of several 
absorption lines, 

The conclusions are ; 

(i) the lowest wavelength Gaussian is not enhanced 

at all or shifted significantly {/v/ 0.7 - 0,8 nm) , 

(id) the other peaks are shifted compared to the cases 

discussed earlier and overlap to give rise to a 
wide Gaussian, 

(iii) Tho phenomenon of a significant preferential shift 
and enhancement of the Gaussian at the longest 
wavelength is consistent with the observed line- 
shape. 

Eu^'*' -Glutamine at pH 6.5 s 

(i) The curve is resolved into two Gaussians at 15 G 

and at 25 °C, The Gaussians are centered at a>' 464.3 nm and 
465.1 nm. The former has a counterpart in Su -AspaoHiic 
Acid complex at pH 6.5. Tbe latter has a counterpaxt in 
Eu^”^ -Glutamic acid complex. However the second Gaussians 
of Aspartic Acid and Glutamic acid cemplexes are at a 
slightly different wavelength compared to that in Su - 


Glutamine complex. 
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(ii) Tho dlfferonco apootra of E«3+.8i„tam.no system 
is however different from those of Su^-lspargino system 
in that the former has a resolvable longest wavelength 
G-aussi axL , wtiich. is perhaps shiitod io a sli^tly lo¥ci‘ wavo— 
iGUgih in iho laiiGiTj so as "to Eorgo wiih cihor poois* 

(iii) Tho^ ratio of ^ hoth tomperaturc 

values f indicating a prof orential cnhancomont of the longest 
wavelength G-aussian. 

(iv) The large shift ( ^ 0.4 nm) of the longest wave- 
length Gaussian is also ohsorved. 

(v) The lowest wavelength Gaussian is either not 

0 

enhanced or shifted hy,r\^0.4 nm. 

The important highlights of the above discussions are : 

(1) All tha amino acid complexes show a preferential 
enhancement of the longest wavelength Gaussian. 

(2) The longest wavelength Gaussian is also shifted 
significantly. 

(3) This -oreferential enhancanent is larger for the Glutamic 
acid complex compared to the others. The other three 
amino acid oompleros aro nob dlfferont within the 
limits of error in this respect. 

(4) At pH 6.5, there ere very distinct changes in the 

characteristics of the spectra. 
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(5) The preferential enhancement of the longest wa-relength 
Sausslan as well as its large shift is observed at 

pH 6 , 5 . 

(6) The higher wavelength Oanssian is larger in intensity 
than tho lowor wavelength Gaussian in Aspartic Acid 
and Aspargino complex, The reverse is true in Gluta- 
mic Acid and Glutamine complex* The latter trend is 
ohsorvod at pH 5.0 for all ligands. 

(7) Tho lowest wavelength Gaussian (rV463.9 nm) of all 
tho spectra at pH 5.0 is either not enhanced or shifted 
to higtior wavelengths at pH 6,5. 

(8) At pH 6*5 » Aspargine and Glutamine complex give 

'4 

qualitatively different spectra in that in the latter, 
a Gaussian at 465.1 um is resolvable. 

(i) Regarding the observation (8) above, we point 
out that Gluttimino also shows difference from Aspargino in 
value of equilibrium constant* The values of p at pH 5.0 aud 
6*5 are about oqual in Glutamine, whereas significant diffe- 
rence exists in Aspargino. Different degree of hydrolysis 
at pH 6.5 may be tho cause, 

(ii) The difference between Aspartic Acid and Glutamic 

Acid ( obsorva,tion (6)) at pH 6.5 is also censistont with 
tho proposal of Pradbs ct al. (Ref. 20 of Chapter III) that 
Glutamic acid may foim. a polynuoloar complex aad Aspartic 
Acid forms a mchohucloar hydrolysed complex at jfl 6.5. 
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(ill) The greater relative enhancement of the -highest 
wavelength peak of the Glptamio ioid complex compared to 
that of the Aspartic Acid complex at pH 5.0 shows that there 
is a difference in the preferential enhancement of the 
highest wavelength Gaussian in the chelate involving 
co-ordination of two carhoxylates as compared to a cesaplex 
with co-ordination of a single carhoxylate. Their relative 
proportion alters in going from Aspartic Acid to Glutamic 
Acid. The chelate is expected to he more dominant in Aspartic 
Acid complex (lower pZa of side chain carhoxylate) than in 
tho Glutamic Acid complex. The cholato therefore does not 
Gnha.nco tho hipest wavelength Gaussian as much as tho complex 
with co-ordination of one carhoxylate. This statement 
assumes that an additional GH 2 group in Glutamic Acid docs 
not alter the structure of the chelate. 

(iv) On this model, profercntial onhanccanont of the 
longest wavelength Gaussian of AspargLne and Glutamine complexes 
should be higher, if one assumes that at pH o.O they form a 
simple complex with oo- ordination of a carhoxylate group. 

It is perhaps indicated that the oarhoxamlde group Influenoes 
the relative^ enhanooment, perhaps hj co-ordinating the metal ion 

(v) It is clear that llneshape has information about 
the complex. Further investigation with better signal to 
noise in the spectra will resolve many ambiguities. Simulation 
of the Observed spectra with spectra theoretically generated 
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for complexes of specific structure, using existing theore- 
tical models will give more definitive information. 

In the next few months, we plan to work on a project 
to build the accessory necessary for sigaal averaging. 

In the following, we discuss the data on oscillator strength : 

The oscillator strength of Eu^(aquo) ion shows 
(Tablo II) an. increase with increase of temperature. ¥ibronic 
interactions arc unlikely to result in any significant 
“t omporo^’turo dcpondGiico of oscillator strength for a change of 
tomporaturc of 20 °G (sec discussions in Chapter I). A pH 
of 3«0 is too low for the hydrolytic equilibria, to exist. 

The tomporaturc dopcndoncc of oscillator strength is inter- 
pret od on tho model the.t equilibria exist between more than 
one hydratod species (with different hydration number). The 
equilibria are shifted by a change of tompora-turo. 

Sp adding and co-workors [2-4] find that the partial 
molar volumes, hoa,ts of dilution and relative viscosities of 
aq.ueoua solutions of lanthanido chlorides are all consistent 
with the assumption that La^ to have a co- 

ordination number of nine, Gd^"^ to lu^ have a lower 
co-ordination number of eight and intermediate lanthanides 
are a mixture of both species. 

Morgan [5] conclude on the basis nuclear magnetic 
proton relaxation onhanoemont data that Ooth oota - and nona- 
liydrato are present in aqueous solution. 
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Nakamura and Kawamura fSl nr, • 

L'^J on the basis of concen— 

tration dependence of relaxation rates of ion in 

aqueodS solutions of hoiidos, nitrate, sulfate and peroKLo- 
rato oonoludo that an equilibrium laCs^O)^:^ 

exist. Reuben [7] has attributed this result to Instrumontal 
artifr.ct and oonoludos that a definite oo-ordination number 
of 9 exists fer La in agroemont with X— ray oyidonco quoted 

by thorn. 

Karakcr [8] obsorves a change of shape of all Nd^ 

a.bsorption bands as electrolyte concontration (or tompei*s.turc) 

is incrop-sed and an increase in the oscillator strengths for 

the hyporsonsitivo bands of Nd^"^, Ho^"^ and Sr^ as electrolyte 

concentration or temperature is increased. On the basis of 

tho known spectral lincshapos of 9 co-ordina-ted and 8 co- 
3+ 

ordinates Nd in bromato and sulfate salts, Earraker finds 

that tho change of lineshapo is intoi*protablG in terms of a 

nine co-ordinato structure in dilute solution, ifeich gr^unlly 

changes over to an eight co-ordinate structure. Ofcr a wide 

range of oloctrolyte concontra-tion, a misturc of the two arc 

prosont in solution, Iho physical reason for the change of 

3 + 

co-ordina,tion is that at hi^ oloctrolyte concentration, Nd 
must compote with and Li for water of hydration. It is 
thoroforc indicatod that octa and nonahydrato arc of comparable 
stability in Nd^. The onhancement of hypersontitiwo transi- 
tion is interproted by tho action of an increased oloctric 
field produced by high oloctrolyto concentre 
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5 Y 

6 ^0 in dilute aqueous Eu(GlO^)^ 

solution IS temperature independent in the range 25 - 9 i°c. 

This is interpreted as indicating only one aquated species 
[9], The linoshape of transition band is tempe- 

rature dependent. Outer sphere completing by ions such as 
Cl is holioved to displace an equilibrium between different 
aquo ions and affect the lineshape of the transition. 

Hinchey and Cobble [lO] find that the partial molal 
entropy of 13 trivalont lanthanide ions bc-sed on modern 
thermodynamic data and corrected for internal electronic entropy 
do net danonstrate the e f f ect on the entropy of the postulated 
change in hydration number occurring near the middle of 
tho 4f group. 

Sayro, Miller and Freed [11] recorded spectra of 
in aqueous and mixed alcohol-water solvent (with a 
spectrograph of one motor focal length) and ohsorved five 
distinct absorption linos in pure alcohol solution and when 
increasing' amount of water is added. Intensity increases 
on a.ddition of water upto a composition of 15V. water — 

alcohol, but docs not change beyond that. On the basis 
of number of absorption and fluorescence lines, the authors 
infer a symmetry in aqueous solution and a symmetry 

in alcoholic solution. Temperature dependence of solutim 
spectrum is not studied by these workers. 
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Thus the iiffcerpretation of tomperature dependsice of 
the oscillator strength of transition in terms’ 

of equilibria between more than one aquated species of 
different hydration number is consistent with some reported 
evidence in literature. 

Complex formation of metal with amino acids may displace the 
squilibriimo be'tween aquated j.ons, A 'art of the temperature 

dopondoncQ of tho cnhanccmont of oscillator strength in those comp 
le::en may be derived . from this source. Tho magnitude of tho 
temperature depend once observed in Eu"^ (aquo) ion 8 % 
in going from 15 °C to 55 °C) is not sufficient to oxple.in the 
changes observed in the complexes. 

The largo enhancement ( 200 -500^. ) of oscillator 
strength of lantha.nido ions when some of tho co-ordinatod 
wa.tor molecules are replricod by amino acid ligands is 
undorsta.blG on the bc.sis of existing theoruticrl models 
(Chapter I for detailed discussion). The lowering of the 
symmetry of microenvironment- on amino acid co-ordination 
cnha,nces tho oscillator strength. 

At pH 5.0, in Bu^-Aspargino end in lu^-Glutamine 

complex, there is a decrease of oscillator strength followed 

34 - 

"by nn incrocisc witib. incrociso oi ‘tcinpoirr-'fcui'G* Eu — Aspr^isic 
Acid and Eu^-Glutamic Acid complexes at pE 5.0 shows an 
inciTGcisc f oHo’VTod. Toy dccpcciSG of oscxllH.’toi* s'fci'OB.g'tii wxiili 



198 


increase of temperature, The equilibrium constant data 
indicated the presence of both exothermic and endothermic 
equilibrium, if 'chere is only one omothonnic and one 
enoothormic species, increase of tcnncraturc alters their 
relative proportion in a monotonic fanhion. This would 
lead to a monotonic increase or docroasc of molar oscillator 
strength with increase of tomporaturc. The fact that this is not 
so, indicates that the number of species is Icrgcr, e.g, 
carboxyla.to can bo inonodontatc end bidentato, one or both 
carboxylatos in Aspartic and Glutamic Acids ca.n co-ordinate 
in both monodentate and bidonta,tc fashion, carboxamide may 
co-ordinate in Asparginc and in Glutamino (Chapter III gives 
a summary of the KMR work on the eti-ucturc of Amino Acid- 
Lanthanide comploxos.The IMR data indicate the variety nf pcssrhle structures.) 

The oscillator strength of Glutamine complex a.t pH 5.0 
is grca,tor than that of Aspai'ginc complex at pH 5.0, The 
mode of co-ordina,tion of carboxyl -ate group is unlikely to 
differ significantly in going from Aspargino to Glutamine. 

Thus carboxamide group hm a significant role to pla.y in 
co-ordination. The fraction of complexes in which carboxamide 
co-ordina,t cs metal ion is different in going from Asp-^rginc 
to Glutamino. It is not possible to say whether the species 
with carboxamide co— ordin-aticn, has higher or . lower molar 
oscillalor strength. An experiment with lormamidc c,s ligand 
could shod more light in this direction. 



While comparing results on a Eu^-Glut-amic Icid 
system with those on Bu^-Aspartic Acid system, one must 
remember two facts ; (i) ihe pIC of side chain carboxylate 

of Glutamic Acid being higher (4.7 compared to 3.71 of 
Aspartic Acid) , the proportion of chelates involving co- 
ordination of two carboxylate groups is hi^er in Aspartic 
Acid compared to that in Glutamic Acid, (ii) The molar 

enhancement of tho oscillator strength of hypersensitive tran- 
3+ 3+ 

sitions of M and Ho complexes of carboxylic acids 
increase with increasing pZ^ [12], A cholate in the Eu 
Glutamic Acid complex is likely to give hi^er molar 
oscillator strength compared to its Aspartic Acid counter- 
part. One extra CH2 group in the former is unlikely to 

% 

alter the structure of carboxylate oxygen atoms around tho 
metal ion significantly enough to alter the molar oscillator 
strength. The observation that Glutamic Acid complex at 
pH 5.0 has consistently higher molcn oscillator strength 
then its Aspartic Acid count or-prnt, means that the higher 
mcr.ar oDoillntor strength of the cholate more than offsets 
tho lower proportion of the chola.to. A more detailed jfl 
dopondent study is necessary to q_uantitativoly sort out this 
off oct . 

Tho fact that Glutamine and Aspargino complexes have 
molar oscillator strengths comparable to Glutamic Acid and 
Aspartic Acid complexes, strongly indicates the possibility 
of co-ordination by carboxenide group. Quantitative oscillator 
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strength, data on acetate complex is necessary before a 

definitive statement is made. The effect of coordination 

by a slrnplfe carboxylate alone will then be singled out. 

The higher molar oscillator strength at pH 6.5 

and its monotonic increase vrith temperature are consistent 

"With the model that the hydrolysed species have hi^er 

extinction coefficient and their relative proportion 

increases with increase of temperature. An exception to 

this trend is the data on Eu^-Glutomino at pE 6.5 at 35°C. 

The pH 5.0 data on Aspartic and Glutamic Acid ahm that 

qualitatively linoshapos are simil rr oven thou^ relative 

proportion of complexes with co-ordination ox one or two 

carboxylate groups vary. The disappearance of the shertest 

wavelength Gaussian at pH 6.5 is indicative of the dominance 

of the hydrolysed species a-t pH 6,5. This is consistent 

with the statement ths.t the magnitude and tompora,turc 

dependence of the total oscillator strength is detennined 

by those of the hydrolysed species alone. The polarizability 

of OH groxip is larger than H 2 C'. This is consistent with 

■ the higher molar oscillator strength of the hydrolysed 

species. The alteration of the linoshape indicates that 

© 

replacing H 2 O by OH has more specific influence on the 
enhancement or position of individual transitions. 

The concentration of metal ion is much hi^er in the 
spectral measurements than that in the titration experiments. 
Since only 1:1 complexes formed at the concoatration values 
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used in the titration experiments, one expects 1:1 complex 
alone at similar ligand concentration and hi^ier metal 
concentration of the spectroscopic experiments. In order 
to form 1:2 complexes, one woiild require much higher ligand 
concentration. Thus, use of the stability constants reported 
in Chapter III in calculating mclca’ oscillatoi’ strength 
enhancement in the present chapter is justified. 
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System 

pH T emp e- 

rature 

Total concen- 
tration of metal 

(moles lit”"^) 

Molar oscillator 
2 

strength 

(mole~^cm) 

( X 10^ ) 

[Bu(aquo) 

15°C 

0.296 

0.858( +1.1% ) 

5.0 25 °C 

0.296 

0.894( +1.1% ) 


55 °C 

0.296 

0 , 926 ( +o.r/. ) 


Table II : Molar oscillator strength of [Eu(aquo)3 ion 
at different values of temperature. 

^ Standard deviation 0,5X 

^ Standard deviation of measurement of area under 
absorption curve is 1?1 at 15*^C, 25 C and 
0.6% at 55 °C. Ihe standard deviation in molar 
oscillc,tor strength is ccd-culated from the 
formula given on pa.ge 85. 



© 

a 


1 


I 


OCh 
O O H 


fH 

d d -p 


rH 

•H 

O 


"a fis I -H 
^ O H to 

■pH -p CJ t3 

Ml M pj O o O fij 

Sh ^ Ih ^ "H *P SS^ 

OHHOplc 3 E>pso 
fHpOmriOHOHH 

g o g o 43 cQ Q -P o ft o 

M f . 

O 13 I ■ fcdJ 

H O CD ^ ft Pi 

I g ftH PS 0 O 

Pi o Q c 3 Si rat) 

O-HO O-d-POPS^ft 

o -p o ^ o pr +1 
Pi eS p JjDh h pq 
OfH'Hj-qtapic Sg 
o P o g H -H > i^Tlr 


g 

rd ^ 

o 

o 

4 ^ 

o 

a 

o 

o 


H 

o 


o a 
p, ^ o 
c3 pH 
H Ml 

H Pi O 

•H O H 
O p< O 

ra p g 
o ta'~'- 


I 

g Pi H 
O O O 
O-HP 

^,^+’ ^ 
M 03 H 
SPl Jh g 

•HP O 

ra g H 
PS o c3 
— 00 


tesjD- 

so 

Hi 
H H 
!>><->• 
o d 
s 

H 

ri o 

*H O 


CD 

d ♦;§. H 
og 05 £10 
•H ^ ^ 

-P W *H 
C5 © -P O CQ 
jh H oj ^ r5 

S o o 

O OH 

SU .C5 -H 
o 0>^.;3 O 



■ 

£} Q'tJ 
OH 2 

op 3 
d M 
H H 
d-p H 

O © ft 
H O 


P 

•H 

H? 

m 

Q> 

H 

O 


H 

g ^4 


O H H 

043 d 
dp 
H ^ <2> 
cd p a 

O CD CH 
H O O 

I © 

© U 

■ a p 
o d 


W 

A 


P 

>H 

H 

m 

o 

H 

O 

g 


I 

P 

CQ 


• I>U>C\i 
OD CDCh 

» « ^ 

V» •» #» 

lAH-O 
'^ {>- 

• • « 

K\C\i tr\ 

VO ^VD 

^ CO H 

QC^Q 

0^0 
add . 

1 


OGD GO 
00 VO VO 

» • ♦ 

K%'^Ln 

CM tft ( 7 ) 

*•0 H-fft 

-4> • * 

LA 

Lf\C\J CM 
CM CTitO 
HR 
oqo 

o 4 o 

'^o tQcrs 

tft O tOi 
^^ 54 H 
OOS 

<: 5 < 5 o 


tr\ o [ft I H 

* ■ » • 

CM t<MA i K\CM JA 


“fl+l+I 


K^ CM tA 


LTMA 

000 

000 

000 

• • « 

4*1 4’l4*I 

tAtA 
vO U> CM 
CM CM CM 

000 

000 


t>- LA H 
CM VD lA 
(J\(TiC\ 

000 

• ♦ • 

000 


+W 4 ^ 

O CALA 
t^lALA 

* » • 

[ft-^ irv 


HtftH 

000 
00 o 
000 

• • * 

000 

i 4 -l-fl 4 -l 
Hvo ir\ 
lACrvJA 
CM H H 

000 

• « • 

000 


H 

CM CM LA 
OO©' 
H H O 

« * • 

000 


? 

CO H DA 
VC LA^ 

000 

« • • 

000 


lA 

CM 00 crv 

lACM H 

000 

m m m 

000 


O o O 

000 

lA AlC\ 
H CM tA 


O 

LA 


000 
Poo 
lAlA A 

HCM tA 


LA 

m 

VO 


C7> 0\tA 
tA '^00 

• • * 

lA 

' ^ m m 

ift H H- 
O tft<M 
• • « 

tA "^ 

"M CD 

q oQ 

^vdO 
VOU) 

o^a 
• ^ * 

000 


Si 


♦ vD H 
tc\ • * 

riKDir% 

-H+l+l 



H- H Lft 
ftl H O 

000 

O O J 

• • » 

+l 4-14-1 
H VD H 
00 tAlA 
H CM H 
o 00 
« • • 

000 


VO "M-CO 

CO OOo 
CM CM tA 
H H H 

« • * 

OOO 


[otKSonafef-nal 

1^+ 


o 

lA 


VO ^ VD 
COVD €0 

aiacm 
.#» •» 

jVD ah 
00 A A 

• • • 

CM 

iTk 

IXD 03 

Qqq 

3q^ 

PH o 
qo o 

OOO 



H-inCM 


CM 
H t 1 H 
OOO 
OOO 
OOO 
• * » 

OOO, 

4-1 d"l 4”l 

O ^ ‘tA 
ACA A 
OO O 
O O O 

• • « 

o o o 


CD 
CAOCM 
H H H 
r-i H H 

» • m 

OOO 


A A^ 
H CM VO 
A A A 
OOO 

• ft • 

OOO 


OOO 
OOO 
A ALA 
H CM A 


I 


Q H C 
^CM H 
OOO 

• * • 

OOO 


,0^0 

io^o o 

ALA A 

H 


A 

VD 


HOC^ 

• • 

ACM H 

CM ACTk 

£0 IT- A 
mm* 
CM A A 


H H H 

o 00 

OOO 

OOO 

« •' # 

OOO, 

00 ® 

[ft Eft CM 

00 O 

• • • 

OOO 


tr-iTvC^ 
•^-Jl-lft 
Eft [ft [ft 
OOO 

OOO 


[ 6 HECE',ilgHia 


H t-^CA 
CM VO A 
MQ VO A 

OOO 

♦ . • • 

o O o 


OOO 
Q O O 
AAA 
HCM A 


O 

m 

A 


A 

3 

CM 

H- 


H- 

O 

o 

o 

00 

A 

O 

o 


H* 

CO 

CM 

o 


A 

H 

H 

O 


o 

o 

A 

H 


A 

« 

VD 


♦ 

P 

O 

o 


PTOY 

|ji 4 JracisY-ng: j 

£+ ] 
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Bu -'^-Amino Acid Complexes. 



FIG, I: HTPERSENSITIVE ABSORPTION SPECTRA (F EtT (aquo) ION 
IN .296H EuClj SOLUTION (pH-3.00) AT THREE DIFFERENT 
T©1PHIATURES.SHIFT OF THE PEAKS DEMONSTRATE. 
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FIG.II: HYPERSENSITIVE ^SORPTION SPECTRA OF Eu^'*’ ION IN A 

Eu^+.ASPARTIC acid COMPLEX (Eu^* C0NCENmATI0Ifa..066'm. 
aspartic ACID CONCENTRATI0N-.034^,pH-5.0O»TEKPERATimB 
-25°C.IONIC smENG-IH-.1OO).DBM0IB'mATION OF REPRODOCI- 
BILITV FOR RELATIVELY mBE IWmmE ABSORPTION SPECTRA. 
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FIG, HI: HYPmSENSITIVE ABSORPTION SPKTBA OF. ION IN A 

Eu^'*'-GLUTAMIC ACID COMPLEX (Eu^'*'03NCENTRATI-->-.0074H, 
GLUTAMIC ACID CONCENTRATI0N«.O25M,i)H-6.5O,T:>iPERATi'Hi-: 
-25°C, IONIC ’STREI«}1H-. 100). D0«)NSTRATION Ot •iEFRODO-I 

BILITY FOR RELATIVELY LESS INTEfBE ABSORPTK'N SPECTRA 
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C on cl 1131 on s and. Futui’e Projectloas 

In Chapter 1 1, we have .iemonst rated that the stability 
const aict of metal-mnrexide (or for oiiat matter any metal-dye 
system) is best determined at a fixed pH in the absence of a 
buffer. Ihe tecnnique of adjusting pH in the cuvette by 
addition of acid or base worhs well. ¥e propose to determine 
the stability constant at other values of pn and temperature. 

In Chapter 1 1 1, we have worked out tho choice of experi- 
mental conditions for the determination of reliable values 
of stability constant of metal-ligand association reactions, 
lo cover the whole range of saturation, one has to modify 
the conditions (e.g. concentration of buffer) in a few ctises. 

It is also necessary to determine the stability constants of 
It 2 metal— murexide complexes rnd of other metal -dye systems 
in order to cover the whole saturation range at different 
values of concentration. We propose to fill in these gaps. 

T'he temperature depondcnco of the velues of stability cons- 
tant shows the simultaneous orcsence of mere than one 
equilibrium of the same stoichiometry, some endothermic and 
some exothermic. It is concluded that both the Aspartic 
acid and the Glutamic acid complexes at pH 5 sxe mixtures 
of a chelate with two carboxylates bound to metal and a 
simple a-carboxylat e ^’Jith only the a-carbo::yl group co- 
ordinating the metal. I'he carboxamide group plays a signi- 
ficant role in stabilising tho Aspargino and Glutamine complexes 
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perhaps by coordination. The pH dependence clearly shows 
the prosonce of equilibria involving protons. In view of 
the ovidcncG in literature, we conclude that at pH 6.5, we 
obtain hydrolyzed complexes. 

In Chapter lY, we have demonstrated tltat the line- 

1 5 7 

shape of the ^ 2 "^ ^yp®^sensitive transition band 

of Bu ion in complexes can be meaningfully analysed and 
that it has definite information. Clearly, these measure- 
ments require higher signal to noise ratio than we obtained. 
Cells with longer path length will make the study of metal- 
ligand system more precise. In addition, measurement at 
lower concentration of metal ions (at which stability 
constants are determined) will become possible. Wo are 
currently engaged in making a system for time avera.ging 
the spoctrxmi, using the digit .0.1 output of the Cary 17D 
Spectrometer. With the data prococoing hook-up for signal 
averaging and long pa,th length cells, it should bo possible 
to enhance S/N bj’’ a. f ant or of ICi, easily (a, factor 10, by 
using a coll of 10 cm pa.th length, another f. actor of 10, by 
signed, a^voraglng 100 tiniest ICO runs morns an overnight run). 
A good spoctrun for one of the rcancna-bly soluble (r\yo,2 eM) 
proteins (doped with lu^'*') is thus a clean possibility. 
Simula.tion of the experimental spectrum with the spectra 
calculated on the basis of existing theories (we prefer the 
Mas on— P eanock— St ewort theory) for specific strucuuros is 
another project that we have undortaicn. We propose to try , 
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this teciinique on simulating the experimentally obtained 
3-f 

Bn (aquo) spectrum to a sum of the theoretical spectrum 

4. 

of Bu(H 2 C)q and that of Bu(H 20 }^^, The relative propor- 
tion of the two will be determined. The equilibrium 
constant so determined will be calculated at each tempera- 
ture to yield A. H°. In the above, uc_.will maas definite 
assumptiozi about the stzoicture of the two aquo ions, on the 
basis of crystal structure. In amino acid eexaplexes, the 
computer programme will generate various structures, calculate 
Spectra for each and find the ’’best fit*' structure. In 
our analysis in Chapter lY, we concluded that there are 
characteristic changes in band-shape -a preferential shift 
and enhancaaent for a specific component peak - on compltsx 
formation. The structural interpretation of this obsei*va- 
tion will be possible only after a detailed simulation of 
observed spectra with spectra calculated from theory for 
specific structures. 

The important conclusions of linoshcp)0 aialysis are 
summarized on p 191-183 and arc not repeated here. The 
conclusions from oscillator strozigth da.ta are (i) There 
exists a.n equilibrium betweoiz more than one Equated species 
in Eu^^Ca.quo) ion. The equilibrium is shifted by tempera- 
ture (ii) The anino acid complexes ere mixtures of isesaers - 
a more complicated mixture than that of one endothermic and 
one exothermic complex (iii) The complexes are o-symmetric 
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so as to give rise to substantial enhancenent of oscillator 

strength (iv) Carbozamide plays a significant role in 

enhancement of oscillator strength, Exact nature cf this 

aspect and some others can be- clarified by more detailed pH 

* 4 “ 3 

dependent study and studies on Su complexes of ’ ’ fraguents* * 
acetate, formamide, glycine Hydrolysed species at 

pH 6*5 absorb more intensely. Its proportion increases 
with increase of temperature. 
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Instruction for feeding input data s 


C ard 1 : 

Title 

of system 

(e.g. 

•Z 1 

Eu"^ -Aspartic acid pH 5,0) 

Card 2 ; 

Grives 

the following constants 

14RS 

NE N 

MAXIT IPRIN I 

JJIBE NO JPR SPR 

where LiRS 

i = Ij 

IPRIN = 1; 

MAXIT 

= 99; JPR = 1; EPR = 1 


e.g. 

in Metal -Ligand 

titration with a model 


that 

includes 

^1* ^2 

, NE = 5, as shown below; 


(1) 

M + L 

ML 

(1:1) 


(2) 

M + 2L 

ML 2 

(ls2) 

NE is 
total 

(3) 

M + 31 

MLj 

(1:3) 

number of 
formation 

(4) 

M + Mu 

mu 

(1:1) 

constant 

(5) 

M + B 

m 

(1:1) 


(M = 

: Metal, L 

= Ligand, Mu = Murexide, B = Buffer) 


U = Number of formation constants to be determined e.g, 

E of the first 3 equations given above a,re unknown, thero- 
f ore N = 3. 

NIIBB : lotal number of mass bala.nce equation; NMBE = 4 in 
the a.bove system 

(No, of Mass Balance Equation = Total No, of Eeactants(L,B,M,Mu) 
NC : No, of unknown free concentration (L^ and in the 
above system) 

Card 3 i Reaction Temperature in degree centrigrade. 
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Card 4 s Contains a certain number of zeroes equal to the 
number of known free concentration values (o.g. 

2 zeroes corresponding to knox-m and Mu^ in the 
above system) 


Card 5 
to 

Card 9 


Provides values of known (NZ-N) and imknown 
formation constants (N) and values of key (e.g. 
key = 0 if the corresponding formation constants 
is to bo kept constantj key = 1 if it is to be 
varied) 


Stoichiometry is given a.s follows : 

Consider equation (l) and (5) given in Card 2, 

2 

Guess value of p in equation (l) is say 5.0x10 


the value 

be say 7.0 

of metal-buff or 

then one gives 

stability 

constant is known to 

Value of p 

P ower of 10 

L 

B 

M 

Mu key 

5.0 

2 

1 

0 

1 

0 1 

7.0 

0 

0 

1 

1 

0 0 


(while giving the order of reactants, knoi'm free concentration 
should be in the last column, Mu here) 

Card 10 i lOTC (initial total concentration of reactants in 

millimoles (concentration of stock solution x initial 
volume taken in the cuvette)) followed by a number 
of zeroes according to Card 4, then comes iPDC 
(concentration of titrants e.g. ligand and buffer 
only, ADPC = 0 for M and Mu here) TOTC and ADDC values 
are given in the same order as given in the stoi chi o- 
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Card 11 ; Titration points are fed in as follows s 

LUIGI TITRE EMP 

where LUIGI = 0 for continuation of titration point 
within a titration set 

LUIGI = some positive number between 1 and 9 for the 
end of the titration set 

LUIGI = some negative nimiber between 1 and 9 for the 
end of all titration points. 

Between each titration set cards like Card 10 are 
given . 

TITRE : Volume of titrants in ml is given in the 
same order as given in stoichiometry. In the present 
case only ligand and buffer are being added at each 
titra,ti on point, but we give the same value of titro 
for M and Mu also (See statement 119 in the subroutine 
DIUP of the given programme, jU)DC = 0 for M and Mu). 

EMP s Knomi concentration (M and Mu here) in p scale 
a,ga.in in the same order as in Card 5. 

Output gives the rofinod values of p, standard devia- 
tion of each determined values of p and concentration 
of all species (Total, free, and complex species at 
each point) . 



